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Remarks 

Reconsideration of this Application is respectfully requested. 

Claims 23-35 and 37-78 are pending in the application, with 23, 40, 51, 66, 75 
and 77 being the independent claims. Claims 23-35 and 37-74 are rejected. 

The specification has been amended merely to update the status of a related 
application. This change is believed to introduce no new matter, and its entry is 
respectfully requested. 

Based on the following remarks. Applicants respectfully request that the 
Examiner reconsider all outstanding rejections and that they be withdrawn. 

/. Election /Restriction 

The Examiner acknowledged Applicants* election with traverse of Group I, 
claims 23-74. The Examiner also acknowledged that the process claims of Group II, 
claims 75-78, should be rejoined if the pending product claims of Group I, claims 23-25 
and 36-74, are found allowable. {See Office Action, page 2.) 

//. Rejections under 35 U.S.C. § 101 

The Examiner maintained the rejection of claims 23-35 and 37-74 under 35 
U.S.C. § 101 as allegedly not being supported by either a specific and substantial utility 
or a well established utility. {See Office Action, page 3.) In particular, it is the 
Examiner's position that 
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the instant invention lacks a specific and substantial real 
world utility absent elucidation of the biological function 
of the disclosed protein agonist which the claimed 
antibody is directed and any role that the antibodies 
identified as modulators of the protein would play in 
modulation or identification of any disease state associated 
with that biological function. 

(Office Action, page 4.) Applicants respectfully disagree with the Examiner's rejection. 

Applicants have in fact disclosed a biological function of the EBI-2 G-protein coupled 

receptor as well as a role the claimed antibodies would play in modulation of a specific 

disease state. 



A. The Specification Discloses at Least One Specific Biological Function 
of EBI-2 G Protein-Coupled Receptors which is Substantial. 

The Examiner asserted that "no disclosure is provided within the instant 
specification as to any specific biological function of the polypeptide having SEQ ID 
NO:2 or any specific disease where the claimed invention could be used." (Office 
Action, page 5.) 

The Utility Guidelines define "specific utility" as a utility that 

is specific to the subject matter claimed. This contrasts 
with a general utility that would be applicable to the broad 
class of the invention. . . . For example, indicating that a 
compoxmd may be useful in treating unspecified disorders, 
or that the compound has "useful biological" properties, 
would not be sufficient to define a specific utility for the 
compound. . . . Contrast the situation where an applicant 
discloses a specific biological activity and reasonably 
correlates that activity to a disease condition. Assertions 
falling within the latter category are sufficient to identify a 
specific utility for the invention. 

MPEP § 2107.01 at 2100-32. 
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Applicants respectfully emphasize that the specification does NOT assert that the 
claimed invention "may be useful in treating unspecified disorders." The specification 
clearly and unambiguously asserts that: (1) EBI-2 polypeptide is a G protein-coupled 
receptor {see specification, \ [0034]); (2) such "G protein-coupled receptor molecules 
and their associated G-proteins have been implicated in . . . adenylyl cyclase signal 
channels" (specification, Tf [0035]); (3) "[p]otential therapeutic and/or diagnostic 
applications for such a factor may include . . . heart disease . . . atherosclerosis, restenosis 
. . . ." {id.)\ and (4) antagonists for such receptors can be used to treat "hypertension, 
angina pectoris, myocardial infarction.,.." (specification, ^ [0097]). 

Clearly the specification discloses "a specific biological activity," adenylyl 
cyclase signaling activity and "reasonably correlate[d] that activity to a disease 
condition," i.e., heart disease or myocardial infarction, as opposed to "unspecified 
disorders." The asserted utility in the specification therefore falls "within the latter 
category [that] is sufficient to identify a specific utility for the invention." See MPEP 
112107.01 at 2100-32. 

B. The Assertion of Utility for EBI-2 Receptors is Reasonable in View of 
the Information Available at the Time of Filing. 

Relying on Brenner v. Manson, 383 U.S. 519 (1966), it is the Examiner's position 

that the asserted utility is speculative in view of sequence homology alone. {See Office 

Action, pages 4-5.) Specifically, the Examiner asserted that 

[t]he specification discloses that the polypeptide of amino 
acids 1-342 or 2-342 of SEQ ID NO:2 has about 25% 
identity and 49% similarity to the EBI-1 gene over an 
approximately 350 amino acid stretch. . . . Both EBI-1 and 
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EDG-1 are found in a variety of tissue and are themselves 
considered orphan receptors. 

. . . Speculating a function of a protein merely based on 
that EBI-2 is a GPCR and would have some use in research 
and development is not asserted utility. 

(Office Action, pages 4-5.) 

Applicants' assertion of utility is more than mere speculation. It is evident from 
the record that Applicants have provided more than just homology information in 
support of the assertions of utility for the claimed invention. Further, "Office personnel 
should be careful . . . not to label certain types of inventions as . . . 'speculative' as such 
labels do not provide the correct focus for the evaluation of an assertion of utility." 
MPEP §2107.02 at 2100-40. 

Contrary to what the Examiner suggests. Applicants need not confirm any 
asserted utility. Applicants need only to assert one specific utility of the claimed 
invention; all aspects of the claimed utility are not required to be proven. See Nelson v. 
Bowler, 626 F.2d 853, 856-57 (CPPA 1980). An assertion of utility need only be 
"reasonably predictive" (as opposed to "reasonably confirmed"); it need not be a 
"statistical certainty." See, e.g., Rey-Bellet v. Englehardt, 493 F.2d 1380 (CPPA 1974); 
MPEP § 2107.01; Nelson v. Bowler, 626 F.2d 853, 856-57 (CPPA 1980). The standard 
is whether one skilled in the art would reasonably conclude that the asserted utility is 
more likely than not true. Based on the information available to one skilled in the art at 
the time of filing and the data presented in the specification, a person of ordinary skill in 
the art could reasonably conclude that antibodies to EBI-2 G protein-coupled receptors 
would have utility in treating heart disease, in particular, myocardial infarction. 
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The G protein-coupled receptor encoded by SEQ ID NO:l is closely related to 
certain G protein-coupled receptors known to be induced upon Epstein-Barr virus (EBV) 
infection. {See specification, [0003].) These related EBV-induced (EBI) receptors are 
primarily expressed in lymphoid tissues and are related to thrombin G protein-coupled 
receptors. See Birkenbach et al, J. ViroL 67:2209-2220 (1993) (submitted with the 
Amendment and Reply Under 37 C.F.R. §1.111, filed March 23, 2005.) Therefore, it 
was reasonable, at the time of filing, to assert that the G protein-coupled receptor 
encoded by SEQ ID NO:l is related to thrombin G protein-coupled receptors. 

Thrombin G protein-coupled receptors were well known as of the effective filing 
date of the present application. In particular, thrombin G protein-coupled receptors were 
known to activate platelet aggregation via adenylyl cyclase. See Brass et aL, Thromb, 
and Haemost, 70:217-223 (1993) (Exhibit A); see also Ohbnann et al, Biochem. J. 
312:775-779 (1995) (Exhibit B). Furthermore, thrombin G protein-coupled receptors 
were known to interact with Gi protein, a known inhibitor of adenylyl cyclase. See id\ 
see also Williams et al, Blood 76: 721-730 (1990) (Exhibit C). Since adenylyl cyclase 
also induces the formation of cyclic AMP (cAMP), inhibition of adenylyl cyclase both 
decreases cAMP formation and activates platelet aggregation. See id. "Most platelet 
agonists suppress cAMP formation by inhibiting adenylyl cyclase." Id. It was fiirther 
known at the time that such depletion of c AMP activates platelet aggregation. See id. 

Therefore, an artisan of ordinary skill could have reasonably predicted as of the 
filing date that the polypeptides encoded by SEQ ID NO:l would have a fimction in 
platelet aggregation based on the information disclosed in the specification and the 
information available in the art. Applicants note that the specification need not disclose 
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information that was well known at the time of filing an application. See Hybritech Inc. 
V. Monoclonal Antibodies, Inc., 802 F.2d 1367, 231 USPQ 81 (Fed. Cir. 1986)("A patent 
need not teach, and preferably omit, what is well known in the art."). In further support 
of the reasonableness of the asserted utility of antibodies to EBI-2 polypeptides, 
Hollopeter et aL (submitted with the Amendment and Reply Under 37 C.F.R. §1.111 
filed May 6, 2003), confirms that the EBI-2 receptor coupled with G\ protein inhibits 
adenylyl cyclase and activates platelet aggregation. See Nature 409:202-7 (2001). 

Additionally, antagonistic drugs such as clopidogrel which block platelet 
activation were well known as effective preventatives of vascular ischemic disease such 
as myocardial infarction. See, e.g. Schafer,^/w. J. Med. 101:199-209 (1996) (Exhibit D). 
For example, Roald et al. foimd that clopidogrel acting as an antithrombotic agent 
inhibited thrombogenesis when human blood was tested in an ex vivo model. Thromb. 
Haemost. 71:655-662 (1994) (Exhibit E). Based on the pre-filing date studies, it was 
reasonable to assert that an antagonist to a G protein-coupled receptor involved in a 
pathway of platelet aggregation would block the pathway, thereby preventing platelet 
aggregation and consequently myocardial infarction. 

As even fixrther evidence of the reasonableness of the asserted utility, the post- 
filing date publication by Hebert et al confirms that EBI-2 G protein-coupled receptor is 
indeed the target of clopidogrel. See Herbert et al.. Sent. In Vascul. Med. 3:113-121 
(2003) (Exhibit F). Herbert et al demonstrated that the active metabolite of clopidogrel 
covalently binds to the EBI-2 receptor and blocks the ligand binding to the EBI-2 
receptor, thereby elucidating the mechanism by which clopidogrel inhibits the 
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aggregation of platelets. See id. The claimed antibodies have a similar function as 
clopidogrel, /.e., blocking EBI-2 receptors and inhibiting platelet aggregation. 

Applicants respectfully remind the Examiner that all the information showing the 
reasonableness of the asserted utility of EBI-2 receptors was available before the 
effective filing date of the present application; the post-filing date publications merely 
confirm the reasonableness of the asserted utility. Based on the information available at 
the time of filing in conjunction with the data presented by Applicants in the 
specification, it was reasonable for a person of ordinary skill in the art to assert that 
antibodies to EBI-2 G protein-coupled receptor would be useful for treating myocardial 
infarction. Considering the information that Applicants possessed and the information 
available at the time of filing. Applicants have clearly satisfied the "reasonably 
predictive" standard. See, e,g., Rey-Bellet v. Engelhart, 493 F.2d 1380 (CCPA 1974); 
MPEP §2107.01. 

C The Asserted Utility Is Independent of Knowledge of the Ligand. 

Applicants also wish to point out to the Examiner that it is irrelevant to the 
reasonableness of the specific and substantial asserted utility whether or not the ligand 
for EBI-2 was disclosed. Contrary to what the Examiner suggests, an artisan of ordinary 
skill need not know the identity of a receptor's ligand in order to make useful antibodies 
against that receptor. One can block a receptor on a cell surface with an antibody to 
exert an inhibitory effect without knowing a ligand to the receptor, thereby interfering 
with the signal transduction pathway. 
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Applicants identified the EBI-2 G protein-coupled receptor and its effector, Le,, 
adenylyl cyclase. {See specification, If [0035].) Possessing both the knowledge and 
function of the effector downstream of the EBI-2 G protein-coupled receptor pathway, 
one can reasonably predict that antibodies against the EBI-2 receptor could inhibit the 
downstream signal transduction. 

Moreover, it was well known to one of ordinary skill in the art at the time of 
filing that one could utilize an antibody to block a pathway of an receptor absent 
knowledge of the ligand. For example, Klapper et aL used a monoclonal antibody raised 
against ERB-2, an orphan receptor that belongs to a family of tyrosine kinase receptors 
for either epidermal growth factor (EGF) or Neu differentiation factor (NDF/neuregulin), 
to inhibit tumor growth. See Klapper et al. Oncogene 14:2099-109 (1997) (Exhibit G). 
Thus, it is clear that knowledge of the ligand for a receptor is not required for antibodies 
to that receptor to be useful. 

D. Applicants Need Only Make One Credible Assertion of Specific Utility. 

The Examiner further asserted that 

The specification . . . discloses that "antagonists have been 
employed for treatment of hypertension, angina pectoris, 
myocardial infarction, ulcers, asthma, allergies, psychoses, 
depression, migraine, vomiting, stroke, eating disorders, 
migraine headaches, cancer and benign prostatic 
hypertrophy." However, the instant specification does not 
disclose that EBI-2 is associated with a particular disease. 

(Office Action, page 5.) 

Applicants point out that they "need only make one credible assertion of specific 

utility for the claimed invention to satisfy 35 U.S.C. 101 and 35 U.S.C. 112; additional 
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statements of utility, even if not 'credible,' do not render the claimed invention lacking in 

utility.'^ MPEP § 2107.02 at 2100-37 (emphasis added); see also In re Gottlieb, 140 

USPQ 665, 668 (CCPA 1964)("Having found that the antibiotic is useful for some 

purpose, it becomes unnecessary to decide whether it is in fact useful for the other 

purposes 'indicated' in the specification as possibly useful."). In fact, the Federal Circuit 

has indicated that 

[t]o meet the utility requirement, the Supreme Court has 
held that a new product or process must be shown to be 
"operable" - that is, it must be "capable of being used to 
effect the object proposed." Our cases have not, however, 
interpreted this language ... to mean that a patented device 
must accomplish all objectives stated in the specification. 
On the contrary, "[w]hen a properly claimed invention 
meets at least one stated objective, utility under § 101 is 
clearly shown." 

Carl Zeiss Stiftung v. Renishaw pic, 20 USPQ2d 1094, 1100 (Fed, Cir. 1991) (citations 
omitted) (quoting Raytheon Co. v. Roper Corp,, 220 USPQ 592, 598 (Fed. Cir. 1983), 
cert, denied, 469 U.S. 835 (1984)). 

Applicants have disclosed a specific biological activity, i,e,, adenylyl cyclase 
signaling activity, and reasonably correlated that activity to a disease condition, /.e., 
myocardial infarction. It is therefore unnecessary to decide whether the claimed 
antibodies are in fact useful for the other purposes indicated in the specification to satisfy 
the utility requirement for the claimed invention. 



E. The Use of Post-filing Date References to Substantiate Assertions of 
Utility is Proper. 

The Examiner further asserted that: 
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HoUopeter et al. (2001) and Dorsham et al. (2004) . . . 
describe a role of EBI-2 GPCR in platelet aggregation. 
Both publications ... are after the filing date and 
Applicants have failed to disclose an asserted, substantial 
and specific utility of their invention in the specification at 
the time of filing the instant application. 

(Office Action, page 6.) 

Applicants respectfiilly disagree with the Examiner. Applicants established the 
reasonableness of the asserted utility of the claimed invention at the time of filing the 
application. See e,g, Birkenbach et al, J. Virol. 67:2209-2220 (1993); Brass et al, 
Thromb, Haemost, 70:217-223 (1993); Schafer, Am. 7. Med. 101:199-209 (1996); and 
Roald et al, Thromb. Haemost. 71:655-662 (1994). The post-filing date articles are 
being used to substantiate one of the utilities specifically asserted in the specification. 
Moreover, the post-filing date references confirm that the assertion of utility based on the 
knowledge available in the art at the time of filing and Applicants* disclosure was in fact 
reasonable and correct. They have been submitted as evidence only after the Examiner 
challenged the presimiptively true assertion of utility already in the specification. Such 
submissions are expressly sanctioned by both the Federal Circuit and the PTO. See In re 
Brana, 51 F.3d 1560, 1567 n.l9 (Fed. Cir. 1995); MPEP § 2107.02. 

Thus, the use of the post-filing date articles and the data provided therein to 
corroborate assertions of utility with respect to the present invention by Applicants is 
proper. Therefore, Applicants respectfiilly assert that the remarks and arguments relating 
to post-filing date references in response to the utility rejection made in the previously 
filed Amendment and Replies (filed March 23, 2005 and May 6, 2003), are fiiUy 
applicable and are incorporated by reference herein. 
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Applicants have asserted that the claimed antibodies can be used, for example, 

for the treatment of heart diseases such as myocardial infarction. In view of the facts and 

relationships set out above. Applicants submit that this assertion is not only specific and 

substantial, but credible as well, /.e, the assertion is at least believable to, and would not 

be considered false by, a person of ordinary skill in the art. See MPEP § 2107.02 at 

2100-40. Since the presently claimed invention possesses a credible, specific and 

substantial utility that constitutes a patentable utility under 35 U.S.C. § 101, Applicants 

respectfiiUy request that the Examiner reconsider and withdraw the rejection of the 

claims under 35 U.S.C. § 101. 

///. Rejections under 35 U.S.C. § 112, First Paragraph, Enablement 

The Examiner maintained the rejection of claims 23-35 and 37-74 under 35 
U.S.C. § 1 12, first paragraph, as allegedly lacking enablement. (See Office Action, page 
7.) For the reasons discussed above in reply to the rejections xmder 35 U.S.C. § 101, 
Applicants assert that the claimed invention complies with current case law and is 
supported by a specific, substantial and credible utility. The Examiner "should not 
impose a 35 U.S.C. § 1 12, first paragraph, rejection grounded on a 'lack of utility' basis 
unless a 35 U.S.C. § 101 rejection is proper." MPEP § 2107.01 at 2100-36. Therefore, 
since the claimed invention complies with the utility requirement of 35 U.S.C. § 101, the 
rejection under 35 U.S.C. § 112, first paragraph, based on the alleged lack of utility of 
the claimed invention, should be withdrawn. 
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IV. Rejections under 35 U.S.C. § 112, Second Paragraph 

The Examiner has withdrawn the rejection of claims 29 and 30 xmder 35 § U.S.C. 
§112, second paragraph, in view of AppUcants' arguments and/or amendments. (See 
Office Action, page 7.) Applicants thank the Examiner for the withdrawal of these 
rejections. 

K Rejections under 35 U.S.C. § 112, First Paragraph, Written Description 

The Examiner has withdrawn the rejection of claim 36 under 35 § U.S.C. §112, 
first paragraph, for an alleged lack of written description. (See Office Action, page 7-8.) 
Applicants thank the Examiner for the withdrawal of the rejection. 

VI. Rejections under 35 U.S.C. § 112, First Paragraph, Enablement 

The Examiner has withdrawn the rejection of claim 36 xmder 35 U.S.C. §112, 
first paragraph, for an alleged lack of enablement. (See Office Action, page 8.) 
Applicants thank the Examiner for the withdrawal of the rejection. 
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Conclusion 



All of the stated grounds of rejection have been properly traversed, 
accommodated or rendered moot. Applicants therefore respectfully request that the 
Examiner reconsider all presently outstanding rejections and that they be withdrawn. 
Applicants believe that a full and complete reply has been made to the outstanding 
Office Action and, as such, the present application is in condition for allowance. If the 
Examiner believes, for any reason, that personal communication will expedite 
prosecution of this application, the Examiner is invited to telephone the xmdersigned at 
the number provided. 

Prompt and favorable consideration of this Amendment and Reply is respectfiilly 



requested. 



Respectfully submitted. 



Sterne, Kessler, Goldstein & Fox p.l.l.c. 





Peter A. Jackman 
Attorney for Applicants 
Registration No. 45,986 



1 100 New York Avenue, N.W. 
Washington, D.C. 20005-3934 
(202)371-2600 
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Signaling through G Proteins and G Protein-coupled 
Receptors during Platelet Activation 

Lawrence F. Brass, James A. Hoxie and David R. Manning 

Departments of Medicine, Petthology and Pharmacology, University of Pennsylvania. Philadelphia, PA, USA * 



Summary 

Recent studies have helped to define the early events o£ sig- 
nal transduction in platelets. The best-described of these 
events are those in which heterotriineric guanine nucleotide 
binding regulatory proteins (G proteins) mediate the interac- 
tion between cell surface receptors for agonists and intracel- 
lular second messenger generating enzymes. To date nine dif- 



ferent G proteins have been identified in platelets. Their tar- 
gets include phospholipases C and A2, and adenylyl cyclase. 
Efforts to clone the receptors that can couple to these G pro- 
teins have been successful for epinephrine, thrombin, TXA2 
and platelet activatuig factor. Each of these is comprised of a 

* Mailing address: Silvcrstein 7, University of Pennsylvania, 
3400 Spruce St.. Philadelphia, PA 19104 
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Figure 1: Signal transduction during platelet activation. The binding of agonists to receptors on the platelet surface initiates cascades of 
intracellular second messengers, including bwsitol h4,5-ti-kphosphate (fPj) and diacy {glycerol (DG). TV 2 releases Cn** from the platelet 
dense tubular system, rahing the. cytoso lie free Ca^ concentration. Diacylglycerol activates protein kinase C, shifiing it to the plasma 
niembrane and triggering granule secretion and fibrinogen receptor exposure on the glycoprotein Ub-lila complex. At the same time, the 
nsing cytosolicfree Ca^ concentration facilitates arachidonaie (A A) formation by phospholipase At, a process that may occur at both 
the plasma membrane and the derue tubular system membrane, Arachidonaie is metabolized to thromboxane A^ (TxA^), which diffuses 
out of the cell, interacts witli receptors on the platelet surface and causes further platelet aelivaiion. During this process tyrosine fciftases, 
including rtu;mbers of the src family, are activated and phosphorylate multiple platelet proteins, most of which have nor been identified' 
In platelets, tyrosine kinase activation appears to occur predominantly ''downstream" from fibrinogen receptor expression and platelet 
aggregation. In many cases, the interaction between agoimt^ and the enzymes responsible for second messenger generation is mediated 
byaGproteifL Inplutelets, C proteins have been shown to regulate phosphoinositide hydrolysis and cA MP fornmtion, andare 
probably involved in the aciivaiion of pliospholipase A2 as well Phospholipase C$ is activated in a pertussis tox 'm-sensidve manner by a 
^till-Uf2identified G protein and in a pertussis toxin^resistant manner by and/or G^j. Recent evidence suggests that the various forms 
ofphosphollpuse Cfi differ in theU- regulation by C proteins, jSi being activated by G^, 02 by G^y. Adenylyl cyclase w stbnuUited by the 
G protein C?,, aiid inhibited by die G protein 77ie G protein that regulates phospholipase A 2 activity remains to be identified 



This material may be protected by Copyright law (Title 17 U.S. Code) 



217 



BKASS, HOXlb AND MANNTNG 



single polypeptide with seven transmembrane domains and 
an uxlraecllular N-terminus. In the case of the thrombin 
receptor, activation occurs by a novel mechanism in which 
thrombin cleaves its receptor, creating a new N-terminus that 
can serve as a tethered ligand. Shortly after activation, throm- 
bin receptors become resistant to re-activation by thrombin. 
This dcsensitization, which appears to involve receptor phos- 
phorylation and internalization, provides a potent mechanism 
for limiting the duration of Ihrombin-initiated events in 
platelets and other thiombin-responsive vascniar ceils. 

Platelet activation 

A variety of agonists are able to activate platelets, including 
collagen, AI3P, thromboxane A2, epinephrine and thrombin. 
Collagen and thrombin serve as primary activators at sites of 
vascular injury, while released ADP and thromboxane A2 
help to recruil additional platelets into a growing platelet 
plug. According to current models, the receptors for most 
platelet agonists are formed by proteins which cross the plas- 
ma membrane one or more times. The extracellular and 
transmembrane domains of the receptor form the agonist 
binding site, while the cytosolic domains interact with second- 
messenger-producing enzymes and ion channels whose activi- 
ty is modulated by receptor occupation. Often at least one 
additional protein is required for this process. Commonly, 
this protein is a member of a family of hctcrotiimcriu GTP- 
binding regulatory proteins called G proteins. These proteins 
mediate the interaction between receptors and effectors and. 
depending upon the particular G protein^ may either stunu- 
late or inhibit the effector (Fig, 1), 

Two intracellular pathways play a central role in platelet 
activation by most agonists. Each begins with the enzymatic 
hydrolysis of specitic membrane phospholipids. The phospho- 
inositide pathway starts when phosphalidylinositol 4,5-bis- 
phosphate (PIP2) is cleaved by phospholipase C to form inos- 
itol lj4,5-trisphospbatc (IP^) and diacylglycerol, both of 
which serve as second messengers in platelets (Fig. 1). IP3 
releases Ca+^ from the platelet dense tubular system and con- 
tributes to the rise in the cytosolic free Ca++ concentration 
that typically accompanies platelet activation. In turn, this 
promotes the activity of enzymes which are nut fully function- 
al at the. low Ca"*** concentration present in resting platelets. 
Diacylglycerol activates protein kinase C, leading to protein 
phosphorylation on serine and threonine residues, granule 
secretion and fihrinogen receptor expression. A second path- 
way begins when arachidonate is released from membrane 
phospholipids either by the direct action of phospholipase A2 
or by the sequential action of phospholipase C and diacylgly- 
cerol Upase. The newly liberated arachidonate is then metab- 
olized to thromboxane A2 (TXA2) which is a potent stimulus 
for platelet activation. Since TxA2 can diffuse across the 
platelet plasma membrane, it can serve as a messenger 
between platelets as well as within platelets, interacting with 
receptors on the cell surface. 

While the production of each of these second messengers 
promotes platelet aggregation, the formation of cyclic AMP 



(cAMP) inhibits platelet activation. Agents such as 
prostaglandin I2 (PGI2) which raise platelet cAMP levels 
dampen platelet responsiveness, presumably by activating 
cAMF-dependent protein kinases. Known platelet substrates 
for this enzyme include glycoprotein (GP) Ib^, actin binding 
protein, myosin light chain and raplb. However, it is not yet 
clear how the phosphoiylation of any of these accounts for 
the observed inhibition of platelet activation. Most platelet 
agonists suppress cAMP formation by inhibiting adenylyl 
cyclase. Some may also accelerate the metabolism of cAMP 
by stimulaling cAMP phosphodiesterase. 

The hallmark of platelet activation is aggregation, an event 
that is dependent upon the successful binding of fibrinogen to 
the plasma membrane GP Ilb-Ula (or ctiib Pa) complex. The 
Ilb-Illa complex is present on the surface of resting as well as 
activated platelets, but undergoes a conformational transition 
during platelet activation that enables it to serve as a binding 
site for fibrinogen and other adhesive proteins. The precise 
natme of this transformation is still imder mvestigation, as is 
the full sequence of intracellular events that triggers it. 

Agonist receptors 

Until recently, far more was known about platelet responses 
to agonists than about the structure of the receptors for those 
agonists. Recently, however, there has been a great deal of 
progress in this area, highhghtcd by the successful cloning of 
the receptors for TXA2 (1), platelet activating factor (2), and 
thrombin (3,4). Each of these has proven to be a member of 
the G protein-coupled family of receptors, a family aheady 
known to include platelet a2-adrenergic receptors (5). P^ch is 
formed by a single polypeptide chain with multiple trans- 
membrane domains. This discussion will focus upon the 
thrombin receptor, the most novel of these receptors. 

Thrombin receptor structure. When added to platelets in 
vitro, thrombin causes phosphoinositide hydrolysis, eicosa- 
noid formation, an increase in cytosolic Ca"*+ and protein 
phosphorylation 00 serine, threonine and tyrosine residues. 
Thrombin also suppresses cAMP synthesis. All of these 
responses require thrombin to be proteolytically active and 
many, if not all, appear to be mediated by G proteins. Until 
recently, however, the thrombin receptor had not been identi- 
fied and there was no satisfactory explanation for the mecha- 
nism of its activation. Binding studies by Harmon and 
Jamieson (6) suggested that there were approximately 50 high 
affinity thrombin binding sites per platelet with a of 0.3 
nM, and 1700 moderate affinity sitcs/plulelct with nK^ofU 
nM. Similar results were obtained by De Marco et al. (7). 
Indirect evidence suggested that the high affinity binding sites 
might be associated with membrane glycoprotein lb. Howev- 
er, there was no evidence that an interaction between GP lb 
and thrombin evoked a functional response. 

In 1991, two laboratories using expression cloning in Xeno- 
pii:; la^^viy oocytes independently reported the successful isola- 
tion of similar cDNA clones encoding thrombin receptors 
from the human megakaryoblastic Dami cell line (3) and from 
hamster fibroblasts (4). The structure of the Dami cell throm- 
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Figure 2: Thrombin receptor structure.. Some of the proposed 
features of the cloned hunum platelet thrombin receptor (3) are 
shown, including potential sites for cleavage hy thrombin, N- 
linked glycosylation, and possible phosphor yJaiion by either 
protein kinase C (PKC), cAMP-deperulent protein kinase (PKA ) 
or a kinase a/ialogous to ^adrenergic receptor kinase (fiARK), 
Tfie acidic domain in the N-terminas thought to b 'md to 
thrombin's exosite w indicated, an is the SFLLRN sequence 
thought to serve as the receptor's tethered ligand. For sbnpUcity, 
die. amino acid residues corresponding to the putative 
transmeinbrane domains have been omitted from the drawing. 

bin receptor, which apptJurs to be identical to the platelet 
thrombin receptor, is illustrated in Figure 2. like most other 
receptors that interuct with G proteins, it consists of a single 
polypeptide chain with seven hydrophobic domains, an 
extended extracellular N-terminns, and sites for pobttrunsla- 
tional processing including palmitoylation of the C-terminus 
and N-linkcd glycosylation of the N-terniinus. Most notably, a 
potential site for cleavage by thrombin was found between 
Arg^^ and Ser^^, and mutations at this site prevented activa- 
tion of the expressed receptor by thrombin (3,8). 

Thrombin receptor aciivalion. Based upon the existence 
of a thrombin cleavage site within the N-terminus of the 
receptor, Vu et al. (3) proposed that the N-terminus distal to 
the point of cleavage forms a tethered ligand capable of acti- 
vating the receptor. In support of this hypothesis, a 14 residue 
peptide corresponding to residues SeP*2 thru Phe^^ (SFLL- 
KNPNDKYEPF) was shown to cause platelet aggregation 



(3), and mutations in the tethered ligand domain were found 
to inhibit activation of tlie expressed receptor (9)- In the two 
years since publication of this model, many of its key features 
have been confirmed by several laboratories and ever-grow- 
ing numbers of observations. Receptor-derived peptides can 
evoke many, if not all, of the effects of thrombin on platelets, 
as well as a variety of other 'cells, including fibroMasts, 
smooth mu^icle cells, renal mesangial cells, neurons, mono- 
cytes and endothelial cells. The first five or six residues of the 
tethered ligand domain, SFLLRN, are sufficient to activate 
the receptor (9-12) and antibodies directed against this 
domain inhibit platelet activation by thrombin (13,14). Those 
same antibodies recognize a 65 kDa protein in platelet mem- 
branes and bind to approximately 1800 sites per platelet (1.3), 
a number in good agreement with the number of moderate 
affinity thrombin binding sites reported hy TTarmon and 
JamicsoD (6). TTie discrepancy between tlie apparent size of 
the receptor on SDS gels and the 47 kDa predicted from the 
amino acid content of the receptor presumably results at least 
in part from N-linked glycosylation, but this has not been for- 
mally proven. Notably, however, translation of the human 
receptor in a reticulocyte lysate preparation yields a radiola- 
beled protein close to the predicted siye that can be immuno- 
prccipitated by an anti-thronibin receptor antibody (unpub- 
lished observation). 

Thrombin receptor desensitization. In a variety of throm- 
bin-responsive cells, including platelets, an initial encounter 
with thrombin produces a state of homologous desensitiza- 
tion in which a subsequent encounter evokes little or no 
response. In theory, this desensitization could involve any of 
the mechanisms known to affect other G protein-coupled 
receptors and, in addition, might arise from a secondary pro- 
teolytic event that disables the exposed tethered ligand 
domain of the receptor. The onset of desensitization is not, 
however, dependent upon the mechanism by which the recep- 
tors are initially activated. Using the megakaryoblastic HIiL 
and CHRF-288 cell lines as models, we found that activation 
by either thrombm or the tethered ligand domain peptide 
SFLLRN prevented a subsequent response to both, even 
though responses tu other agonists were preserved (15,16), 
Notably, recovery from the desensitized state caused by an 
initial encounter with thrombin occurred in two distinct phas- 
es. In the first, which was detectable within 30 minutes, there 
was a partial recovery of responsiveness to SFLLRN, but no 
recovery of the response to thrombin. This phase of recovery 
could be delayed by inhibitors of serine/threonine phos- 
phatases, but was unaffected by cycloheximide. In the second 
phase of recoveiy, which required as much as 20 hrs to com- 
plete, there was a full return of receptor responses to both 
SFLLRN and thrombin. This phase of recovery could be 
inhibited by cycloheximide, suggesting that it was at least 
partly due to the synthesis of new receptors (16). 

These results suggest that phosphorylation and dephos- 
phorylation play a role in the regulation of thrombin receptor 
function. They also suggest that the synthesis of new recep- 
tors is required for a full recovery of the response to throm- 
bin in cells that arc capable of synthesizing receptors. Recent 
studies with receptor-directed monoclonal antibodies have 
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helped to extend this model; within two minutes of the addi- 
tion of thrombin, >90% of the thrombin receptors on HEl. 
and CHRP -288 cells arc internalized, appearing first in coaled 
vesicles within the plasma membrane and then in endosomes 
(17). This process occurs equally well in response to SFLLi^JV 
or thi'ombin, and therefore does not require cleavage of the 
receptor's N-terminus. Whether the receptors are desensi- 
lizcd before they are internalized reniaais to be determined. 
From the endosomes, approximately three-quarters of the 
receptors arc transferred to lysosomes and degraded. The 
remainder are recycled back to the cell surface in a state in 
which they can respond to SFLLLRN, but not to thrombin; 
this accounts for the observation that thrombin-deseusitized 
cells recover their ability to respond to SFT J.RN sooner than 
they recover their abihly to respond to thrombin. The appar- 
ent failure of the recycled receptors to be auto-activated by 
their tethered Hgand domain may have implications for the 
role of thrombin in the presumed intei"action of this portion 
of the N-terminus with the remainder of the receptor. 

If phosphorylation proves to play a role in thrombin recep- 
tor desensitization, what can be said about the protein 
kinase(s) that may be involved and about potential sites for 
phosphorylation? Present evidence suggests that at least two 
different kinases may play a role. The first is protein kinase C, 
which phosphorylales and desensitizes other G protein-cou- 
pled receptors. Direct activators of protein kinase C such as 
phorbol esters inhibit signaUng through platelet thrombin 
receptors (18,19). Thrombin receptors contain at least one 
consensus sequence for phosphorylation by protein kinase C, 
a serine residue within the third cytoplasmic loop (Fig. 2). 
Could activation of protein kinase C account for thrombin 
receptor desensitization and internalization? Several observa- 
tions suggest that this is not the case. First, while the desensi- 
tization caused by thrombin affects only the response to 
thrombin, the desensitization caused by phorbol esters (TPA) 
affects responses to other agonists as well. Second, the pro- 
tein kinase C inhibitor staurosporine completely blocks the 
desensitization caused by TPA, but has only a minimal effect 
on the desensitization caused by thrombin (16). Finally, 
although our preiimuiaiy observations show that TPA stimu- 
lates receptor internalization, the kinetics are considerably 
slower than internalization caused by thrombin or Che loss of 
function caused by TPA, 

An alternative to protein kinase C is a receptor-specific 
protein kinase such as the ^-adrenergic receptor kinase 
(PAKil) or rhodopsin kinase. At present there is no direct 
evidence that a kinase with specificity for the thrombin recep- 
tor exists. However, |3ARK can phosphorylate both a2- 
adrenergie and p-adrenergic receptors, and both HEL cells 
and platelets contain an »^80 kDa protein recognized by rab- 
bit polyclonal anti-pAKK antiserum (unpubiished observa- 
tion). It is conceivable that it or u related kmase could phos- 
phorylate thrombin receptors. The sites for phosphorylation 
by PARK hi 3- and ot2-adrcnergic receptors are located in the 
third cytoplasmic loop and in the C-termiuus. Studies with 
synthetic substrates suggest that pARK prefers serine 
residues to threonine residues and that an acidic residue on 
the amino side of the serine residue enhances phosphoryla- 



tion (20). As is indicated in Figure 2, there are at least four 
such serine re.sidues in the C-terminus of the thrombin recep- 
tor. Again, however, the evidence that activated thrombin 
receptoi-5 become phosphorylated is still indkect and there is 
no pubhshed evidence for an interaction between thrombin 
receptors and PARK. 

Unresolved issues. Far from answering all of the questions 
about Ihe mechanisms of platelet activation by thrombin and 
other agonists, the-se observations leave a number of issues 
unresolved. The tirst is whether platelets have thrombin recep- 
tors in addition to the one that has been cloned. Although 
such a possibility has not been ruled out, the failure of North- 
ern and Southern blots to give evidence of a second receptor, 
and the abiHty of peptides such as SFLLRN to mimic many, if 
not all, of the efl'ects of thrombin on platelets suggests that 
only a single class of receptors may be present. A second issue 
is whether the "thrombin" receptor is really a more general- 
ized protease receptor and, if so, what iraphealions this has for 
platelet activation at sites of inflammation and wound repair. 
Platelets can be activated by trypsin, cathepstn (J andplasmin, 
as well as thrombin. In theory, any protease capable of cleav- 
ing the receptor N-terminus would activate the receptor, 
although the site of cleavage would presumably have to be 
between Arg^^ and Ser^^ Trypsin munics many of the effects 
of thrombin on platelets and HHL cells (16), and the anti- 
receptor antibodies that inhibit platelet activation by thrombin 
also inhibit platelet activation by trypsin (13). Further work 
using these approaches should help to determine whether the 
thrombin receptor responds to other proteases and whether 
exposure of an occult tethered ligand is involved in the 
response of other receptors to other types of proteases. A 
third issue is the role of protein tyrosine kinases in platelet 
responses to thrombin. Such kinases become activated during 
platelet activation, although apparently in a largely aggrega- 
tion-dependent manner (21). Whether direct interactions 
between G proteins, G protein coupled receptors and tyrosine 
kinases occur early in platelet activation remains to be deter- 
muied. A final issue is the identity of platelet receptors for 
other key agonists, particularly collagen and ADP. Platelet 
binding to collagen is thought to be mediated by the GP la-IIa 
complex and GP lb. Although the evidence for collagen inter- 
aelions with all of these glycoproteins is compelling, none of 
them have been shown to be a receptor in the functional 
sense. vSimilarly, ADP binding proteins have been identified 
on platelets, but not yet shown to be functional receptors. 

G proteins 

Guanine nucleotide-binding regulatory proteins or G proteins 
mediate the interaction between cell surface receptors, such 
as those for thrombin, and intracellular or plasma membrane 
effectors such as phospholipases and ion channels, G proteinii 
have a characteristic heterotrimeric structure in which the 
subunit contains the guanine nucleotide binding site and, in 
some cases, is a substrate for ADP-ribosylation by bacterial 
toxins. ADP-ribosylation by cholera toxin or pertussis toxin 
alters G protein function, either by mimicking the effects of 
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Table 1: G Protein a subimits in plateleis 



Toxin Phosphorylated Affected FuncLion Ref. 

Sensitivity Enzyme 





40^1 


pertussis 


no 


adenylyl cyclase, 
phospholipasc C ? 


icAMP, 

T iiyoAG ? 


(32) 


G 


41 

T J. 


Alt' 1^ At* 


yes 




9 


(47,48,52) 


^'jqotT Gila 


42 


neither 


no 


phospholipase C 


T IPj/DAG 


(40) and 
unpublished 
observations 


Gl2a, Gi3^ 


44 


neither 


7 


? 


? 


unpublished 
observations 


Gsa 


45 


cholera 


no 


adenyly] cyclase 


TcAMP 


(53) 



an agonist-occupied receptor or by inhibiting agonist-evoked 
responses. An example of the foi-mer is the effeel of cholera 
toxin on Gg, the G protein which stimulates cAMP formation. 
ADI^-ribosylation of Gs^ causes continuous activation of 
adenylyl cyclase- In contrast, ADP-nbosylation by pertussis 
toxin can inhibit responses to agonists. An example of this 
effect in platelets is the ability of pertussis toxin to block the 
Gi-mediated suppression of eAMP formation caused by ago- 
nists such as thrombin and epinephrine. G protein p and 7 
subunits perform at least two roles. First, tliey form an iso- 
prenylated heterodimer (G^^^) which helps to anchor the G 
protein to cell membranes. Second, they have regulatory 
effects on adenylyl cyclase and phospholipases that are inde- 
pendent of the a subunit (22-28). G proteins are traditionally 
thought to regulate events at the plasma membrane, but 
recent studies reveal that G proteins can also associate with 
cytoplasmic structures (29,30), an association whose role 
remains to be determined. 

Historically, G^ and Gj were among the Hrst G proteins 
described in both structural and functional terms. Gg and G^ 
regulate cellular cAMP levels by, respectively, stimulating 
and inhibilmg adenylyl cyclase. Recent cloning studies have 
shown that most forms of including G^^ and Gj^, exist as 
families of several closely-related proteins (3 1 ). There arc, for 
example, at least three different forms of Gi„: Gi^i, Gj„2 and 
Gia3. These three proteins are 85-95% homologous with each 
other at the amino acid level. All three are sut^-ates for per- 
tussis toxin. The significance of the differences between the 
members of the Gj^ family is unknown. However, the preser- 
vation of the differences across tissue and species lines sug- 
gests that the proteins may play distinct roles. In addition to 
adenylyl cyclase, G proteins have been miplicated in the regu- 
lation of K+ and Ca-^ channels, hydrolysis of phosphatidyl- 
choline, and the activation of phospholipases A2 and C and 
cGMP phosphodiesterase. At the time that this review was 
written, at least 22 forms of G^, four forms of G^ and seven 
forms of Gy had been described, yielding hundreds of possi- 
ble combinations, not all of which appear to exist in nature. 
The factors determining which combinations occur and the 
relative contributions of G„ and (j^.^, to the regulation of 
efCcctor function are topics of considerable current interest. 
G proteins in platelets. In platelets, as in other cells, G 



proteins play a major role in signal transduction by mediating 
the interaction between agonist receptors and the cn7.ymes 
which produce second messengers (Fig. 1), The nine forms of 
Gq^ that have been identified in platelets are shown in Table 1. 
Based upon their functional characteristics, Western blotting 
with peptidc-directcd antibodies, ADP-ribosylation by bacter- 
ial toxins. Northern blots and nucleotide sequencing, platelets 
contain both G^ and Gj. Gs^ appears to be present in at least 
its 45 kDa form, G^^ is present in all three of its known forms, 
but not mth equaJ abundance (32). G5 and Gi are thought to 
play the same role in the regulation of cAMP formation in 
platelets that they do in other cells. Agents which increase 
cAMP levels in platelets, such as prostaglandin Ij, do so via 
G3. Agonists such as thrombin and epinephrine, which sup- 
press cAMP formation, are thought to do so througli G;. 

In addition to adenylyl cyclase, G proteins appear to regu- 
late at least two other platelet enzymes: phospholipase C and 
phospholipase Ai. Regulation of phospholipase C by a G pro- 
tein i.s a general phenomenon that occurs in a wide variety of 
cells and presumably involves the 3 forms of phospholipase 
C The G protein that stimulates phospholipase C is some- 
times referred to generically as "Gp". However, recent stud- 
ies suggest that Gp may not be the same in all cells, or even a 
single G protein. In some cells, particularly those of 
hematopoietic origin, agonist or hormone-induced phospho- 
inositide hydrolysis can be blocked by preincubating the cells 
with pertussis toxin. In other cells, pertussis toxin has no 
effect. Studies in platelets have been complicated by the 
inability of pertussis toxin to cross the platelet plasma mem- 
brane. However, pertussis toxin can inhibit thrombin-induced 
phosphoinositide hydrolysis when introduced into permeahi- 
Uzed platelets (33) or when added to intact HEL cells (15). 
These observations suggest that platelets contain at least one 
form of Gp that is a substrate for pertussis toxin. Since all of 
the pertussis toxin substrates in platelets that have been iden- 
tified to date are membera of Gj^ family, G^i, Gi2 and/or G^j 
may regulate phospholipase C as well as adenylyl cyclase. 
This has not, however, been proven. Reconstitution experi- 
ments in which activated Gi^ was combined with phospholi- 
pase C have failed to show a substantial increase in phospho- 
lipase C activity. However, recent studies showing that 
can stimulate the p2 form of phospholipase C may provide a 
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solution: if thrombin Teceptors interact primarily wilh Gi in 
phitelels, Ihen the availability of Grderived G^y in ttu'ombin- 
treated platelets would be reduced in the presence of pertus- 
sis toxin. However, this explanation leaves unexplaixied the 
failure of epinephrine to stimulate phospholipase C, as well as 
to inhibit adenylyl cyclase. 

Platelets are also thought to contain a pertussis toxin-resis- 
tant 0 protein capable of stimulating phospholipase C I'he 
initial evidence for this conclusion was indirect: under condi- 
tions in which thrombin-induced phosphoinositide hydrolysis 
was inhibited by pertussis toxin, the abiUty of the TxA^? analog 
U46619 to activate phospholipase C was unimpaired (34,35). 
Subsequently, several new forms of were described that 
could activate phospholipase C (36-39). Of these, 0^^ and 
GuvL present in platelets ((40) and unpublished observa- 
tions). Neither possesses the site at which ADP-ribosylation 
by pertussis toxin noruially occurs and neither is thought to be 
a substrate for the toxin. Reconstitution studies with the pi 
subtype of phospholipase C and purified or recombinant 
Gqot/Giio( show that these proteins can cause a five-fold or 
greater increase in phosphoinositide hydrolysis by the enzyme 
(41-44), It is assumed, therefore, that one or both of these pro- 
teins mediates pertussis toxin-resistant activation of phospholi- 
pase C in most cells. Although this has not been specifically 
established in platelets, Shenker et aL (40) have shown that an 
antibody directed a^inst Gq„/Gna can inhibit thromboxane 
receptor-stimulated GTPase activity. Therefore, it appears 
likely that the various 3 forms of phospholipase C in platelets 
are regulated by several different mechanisms involving one or 
more forms G„ and Gp^. An entirely separate mechanism 
involving tyrosine phosphorylation is thought to regulate the 
activity of phospholipase C^. A recent review discussing the 
regulation of phospholipase C is found in reference 45. 

Phospholipase A2 is the second phospholipid-hydrolyzing 
enzyme in platelets whose activity may be regulated by G pro- 
tein(s). Two potential mechanisms could be involved. One is 
the indirect activation of phospholipase A2 by the increase in 
cytosolic Ca' ' caused by G,- or Gq-dependent phosphoinosi- 
tide hydrolysis. The second is the direct activation of phospho- 
lipase A2, which has been shown in other types of cells to be 
mediated by G^^ (46). Current evidence suggests that phos- 
pholipase A2 is primarily located in the platelet cytosol and 
that araehidonate release and metabolism occur in the dense 
tubular system. However, both mechanisms may be active in 
platelets, perhaps wdth different forms of phospholipase A? 
that aie regulated in different ways. Tliis is a long-unresolved 
issue that remains to be adequately addressed. 

In addition to the G proteuis discussed thus far, platelets 
contain several newly-described G proteins. Gne is Ci^, which 
is identical to a protein whose DNA has been cloned from 
brain and retinal cDNA libraries (47,48). Like G^^ and Gn^,, 
G^tt is not a substrate for pert;issis toxin. Like other forms of 
Ga, G^tt is able to interact with G^.^ and hydrolyze GTP to 
GDP, although at a rate slower than other G proteins. Gj, has 
one interesting property, however, thai is so far unique among 
platelet G proteins and is of considerable interest. When 
platelets are activated by thrombin or TxA?. analogs, both of 
which activate protein kinase C via phosphoinositide hydroly- 



sis, or by phorbol esters, which directly activate protein kinase 
C, G^ot is phosphorylated (47). This phosphorylation occurs 
with a stoic biometry of one mole of phosphate incorporated 
per mole of G^jj. can be reproduced with recombinant and 
purified protein kinase G, and takes place at Ser^? (49,50). 
Under the same conditions, the forms of Gj,, present in 
platelets are not phosphorylated (47), The biological role of 
G2 and of Gj^ phosphorylation are still unknown. 

In addition to 0^^, transcripts encoding three additional 
forms of Ci^ have recently been described, C}^2o.^ (113^, and 
Guu„ all of which are now included in the "family" 
(24,31,51). Based upon their amino acid sequences, none of 
these are predieled to be pertussis toxin substrates. By RNA 
analysis after PGR amplification, Giia ^^nd Gi3a are widely dis- 
tributed (31 ), while ihe<x found predominantly in hematopoi- 
etic cells (51). Peptide-directed antisera detect Gj^a and G\^^ 
in platelets, but not Gi^ (unpublished observation). 

Unresolved issiies. Although the list of the G proteins pre- 
sent in platelets has grown steadily over the past several years, 
many questions remain unanswered (U able 1). For example, 
what are the mechanisms by which G proteins regulate the 
activity of phospholipase C and phospholipase A2, particularly 
in situations where pertussis toxin prevents the activation of 
these enzymes? What are the relative contributions of G^ and 
G^y to the regulation of these enzymes? What is the role of Gj, 
in platelets and the effects of phosphorylation on that role? 
The tissue distribution of G^^ is limited; it is present in 
megakaryocytes, but absent from the non-megakaryocytic 
hematopoietic cells that we have examined and from the 
mcgakaryoblastic HEL, Dami and CHRF-288 cell lines ((48) 
and unpublished obseivations). Gj may plays a role during 
megakaryocyte development, but this remains to be estab- 
lished. A final issue is the role of G proteins located at sites 
other than the plasma membrane; although intracellular loca- 
tions have not yet been demonstrated in platelets, data from 
other types of cells make it likely that they exist in platelets. 
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The human platelet ADP receptor activates proteins 

Philippe OHLMAI^N; KarHudwig LAUGWITZ^f Bernd NORNBERG,t Karsten SPiCHER.t Gunter SCHULTZ,! 
Jean-Pierre CAZENAVF and Christian GACHEr$ 
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rue Spi6lmann, BP, no. 36. F-67065 Strasbourg C^dex. France, and finstitut iOr Pharmakologie, Freie UnivBRilfll Berlin, TTiielailee 69-73, M4195 Beriin. Germany. 



Wc have previously shown that platelet ADP receptors are 
coupled to G-proteins by measuring the binding of 
(■»«^Slguanosine-5'-[y-thio]triphosphate ([^SJGTPyS) to human 
platelet membranes stimulated with ADP. In order to identify 
the a.ctivated G-proteins, we used an approach which combines 
photolabetling of ret»pLor-activaled G-proteins with 4- 
azidoam]ido-{a-^-P]GTP and immunoprecipitatjon of the G- 
protein a-subunits with subtype-specific antibodies. Stimulation 
of human plalelel membranes with ADP resulted in an increase 
in 4-a7idoan]1ido-[a-'''*P]GTP incorporation into the immuno- 
predpitatcs of Ga. but not of Ga^ proteins, whereas stimulation 
with the thromboxane analogue U46619 resulted in an increase 



in 4-azidoanilido-[a-^T*]GTP incorporation into the immuno- 
predpitates of Oa^ but not of Gcl^ proteins, and thrombin 
activated both G-proteins, This effect of ADP was concentration 
dependent and inhibited by the class Pj purinoceptor (Pj^.) 
antagonist ATP. Using spccino antisera against subtypes of 
proteins, we found that ADP stimulated labeUing of the Ga^^ 
immunoprecipitate, but not of the Ga^^ precipitate, Ga,^ was not 
detectable by immunoblotting of platelet membrane proteins. 
These data suggest that ADP inhibits cAMP formation by 
activation of Gai, proteins and add evidence in support of the 
hypothesis that human platelet ADP receptors do not activate 
PLC through G^ activation. 



INTRODUCTIQN 

Platelet aggregation by ADP plays a key role iu the development 
and extension of arterial thrombosis. Stored at very high 
concentrations in platelet dense granules, ADP is released when 
plalclcts are stimulated by other aggregating agents, such as 
thrombin or collagen, and so contributes to and reinforces 
platelet aggregation. In addition, ADP at low concentrations 
potentiates or amplifies the effects of all other stimuli, even weak 
agonists such a.<i adrenaline or serotonin 11-3J. Addition of 
ADP to washed human platelet suspensions results in shape 
change, exposure of the fibrinogen-binding site on the Onji A 
tntegrin and reversible aggregation in the presence of fibrinogen 
and physiological concentrations of Ca*^. At the intracellular 
level, platelet activation following ADP binding to its reciter 
leads to a tranaent rise in free cytoplasmic Ca*+, resulting from 
both Ca^"^ influx and mobilization of internal stores. ADP also 
inhibits stimulated adenylyl cyclase [l], but this is not cansally 
involved in platelet aggregation. 

On the basis of agonist selectivity and signalling properties 
[4,5], the platelet receptor for ADP has been classified as a Pj^ 
receptor of the P» purinoceptor family. Its main characteristic is 
that ADP is its natural agonist while ATP is a competitive 
antagonist. However the biochemical structure of this receptor 
remains unknown. Most of the platelet membrane receptors such 
ns platelet-activating factor, thromboxane \ (TXA^), thrombin, 
adrenaline and 5'-hydroxytryptamine belong to the seven trans- 
membrane domain G-protein-coupled receptor family, and many 
have been cloned and sequenced (6]. Several AOP-hinding 
proteins have been proposed as putative ADP receptors, for 
instance the 100 kDa protein called aggrcgiu [7] or more recently 
a 40 kDa protein which incorporates a photoaffinity analogue of 
ADP 18J. Nevertheless, the Poj receptor has not yet been precisely 
idcntiiicd by biochemical or molecular biological techniques. 
Three receptor subtypes of the P^ family have been cloned, 



sequenced and expressed; G-protein-coupled receptors in the 
form of mou.se and human P^y receptors and a chicken P^y 
receptor, and recently, channel-linked receptors from rat vas 
deferens and pheochrocytoma PC12 cells f91- Whether the P^^ 
receptor is a G-protein-coupled or a channel-linked receptor is 
not known. IL has been proposed that there could exist more than 
one type of ADP receptor in blood platelets, since the ADP- 
binding protem seems to possess characteristics of both known 
types [3]. In contrast to the other Pg purinoceptois, which are 
broadly expressed in many tissues, the P^^ receptor(s) appears to 
be specific for platelets and has never been found in other cells, 
apart from certain studies where functional properties suggested 
that this receptor could be expressed by K562 [10] and Dami 
leukaemia cells [11], or where functional and binding charac- 
teristics indicated its presence in the megakaryoblastic cell line 
Meg-0 1 [1 21. Obviously, a better knowledge of the ADP platelet- 
activation pathway is of major importance for the identification 
of this receptor and the understanding of the physiology of 
primary haemostasis. 

We have previously shovm that ADP stimulates the binding of 
[^S]guanosine-5'-(a-thio]triphosphaTe (['«»SlGTPyS) to platelet 
membranes in humans and in rats [13,14], suggesting that the 
ADP receptor is coupled to G-protedns, the nature of which 
remain to be identified. The aim of the present study was the 
identification of these activated G-protcins. For this purpose, we 
used an approach which combines photolabelling of receptor- 
activated G-protetns with 4-azidoanilido-[a-^T]GTP and 
smmimoprcdpitation of the G-prolein a-subunits with subtype- 
speciiic antibodies [15]. 

MATEBIALS AND METHODS 
Chemicals 

[a-=*8P]GTP was obtained from Uu Pont-New England Nuclear 



Abbreviations used; CTPfylS, guano5lne-5'-0-(3-lh[Otriphosphatc); Gaj, a-subunil of Ihe G, class oJ G-proteins; Pjt. platelet purinoceptor ot class 
Pj; cAMP. cyclic AMP; PLC, phosphoiipaso C; \P^, D-myo-inositol 1,4,5-triphofiphaie; TXAj. Jhromboxane A^; ECL, enhanced chemilumlnescence: KLH. 
keiyhols limpet haemocyanin ; W-OEC. 1-elhyl-3-(3-dimethylamlnopfOpyl)carbodlimide HCI; NP 40, l^onldet P.40. 

j Tc whom correspondence should be addressed. 
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(Bostoa, MA, U.S.A.) and 4-azidoanilme HQ and l-cthyI-3-(3- 
dimethylaminopropyJ)carbodiiinide HCl (TV-DEC) from Fluka 
(Buchs, Switzerland). All nucleotides were from Bc«hringer 
Mannheim (Mannheim, Germany)* U46619 (TXA^ receptor 
agonist) was from Sigma (St. Louis, MO, U.S.A.), while the 
thrombin receptor-activating peptide (TRAP-SF7) was 
synthesized by Neosystem (Strasbourg, Franec). 

Antibodies 

Rabbit polyclonal antibodies were raised against peptides cor- 
responding to specific regions of G-protein a-subunits and 
coupled to keyhole Irnipct hatmocyanin (KLH) with an ad- 
ditional cysteine at the N-tenninus as previously described [16], 
The anlisera were designated as follows : AS 8 (anti-ct common); 
AS 190 (anti-Oil); AS 269 (anti-a^; AS 105 (anti-a^j); AS 266 
(anti-a,J; AS 266 (anti-a^ common); AS 227 (anti-aj; AS 369 
(auti-Oap,); AS 232 (anti-o^a); and AS 343 (anti-Oi,). All were of 
known characteristics [15J7J8] and were employed as crude 
sera for immunoprccipitation and immunoblotting. 

Platelel membrane preparalnn 

Human platelets were isolated and washed as previously de- 
scribed 119], and resuspejided in Tyrode's buffer, without Ca*\ 
containing 2mM EDTA, apymsc (2/tg/ml) and protease 
inhibitors [leupeptin (10 /(M), aprotinin (1 /*M), PMSF (20 //-M)]. 
The platelet guspension was frozen and thawed before being 
homogenized in a glass-Teflon homogenizer on ice. Membranes 
were pelleted by centrifugation (30000^ for 15 min) at +4 
and the final pellet was resuspended in 50 mM Tris/HCl (pH 7.5) 
containing 2 mM EDTA and stored at • 80 °C. Protein concen- 
trations were determined with the bicinchoninic add (BCA) 
protein assay system (Pierce, Rockford, IL, USA). 

Synthesis add purification of [a-'^P]GTP-azld€anOlde 

[a-'*^P]CTTP-azidoaailidc was synthesized using a modification of 
a standard method [20]. Briefly, (a-'^^PlCTP 
(5 mCi/111 TBq/mmoI) was evaporated to dryness under vac- 
uum and dissolved in 120/^1 of 100 mM Mes buffer (pH 5.5) 
containing 1.2 mg of A^-DEC, After 15 min incubation under 
rotation at room temperature in the dark, 1.3 mg of azidoanihne 
was added and the reaction was allowed to proceed for 8h. 
Under these conditions, the synthesis yield was 70 %. Purification 
was performed by IIPLC [20], [a-"P]GTF-azidoaniHdc was 
adjusted to 74kBq//«l and aliquots were stored at -80 "^C. 

Photolabelling of memln'aiie proteins 

Platelet membranes (400 ^g of protein per sample) were sus- 
pended in icc<o]d incubation buffer containing 50 mM Hepes 
(pH 7.4), 0.1 mM HDTA, 10 mM MgCI^ 30 mM Nad, I mM 
benzamidine and 0.2 % (w/v) BSA. In some cases, GDP (1- 
10 //.M) was added to the incubation buffer 115]. After a 10 min 
preincubation in the absence or presence of agonists, the samples 
were incubated for a further 10-20 min, depending on the G„- 
subunit, with [a-'^^'PlGTP-azidoamlidc (5 /tCi/tubc). I'hc reaction 
was stopped by cooling on ice and aU subsequent procedures 
were performed at + 4 Samples were centrifuged (12000 g for 
5 min), the membrane pellets were resuspended in the same 
buffer supplemented with 2 mM glutathione and these samples 
were then irradiated for 30 s at +4 °C with a UV lamp (254 nm, 
100 W) at a distance of 3 cm. After irradiation, the samples were 
centrifuged again (12OO0y for 5 min) and solubilized in SDS 
buffer as described below. 



ImmunopreclpitatiQn 

Immunoprecipitation was performed by standard techniques 
[15,17]. Pellets of photolabelled membranes were solubilized in 
40 /xl of 2 % (w/v) SDS at room temperature. Following addition 
of 120 fi\ of precipitating buffer containing 1 % (v/v) Nonidet 
NP.40 (NP40) or 1 % (w/v) Chaps, 1 % (w/v) deo?cycholatc, 
0.5% (w/v) SDS, 150 mM NaCl, 1 mM dithiolhreitol, ImM 
EDTA, 20 ^M PMSF, 1 ^M aprotinin and lOmM Tris/HCl 
(pH 7.4), samples were incubated with 15-20 ft\ of antiserum for 
at least 90 min at +4X under constant rolalion. Washed 
Protein A-Sepharose beads [60 /sd of a 10% (w/v) suspension in 
precipitating buffer] were added to the supematants and incu- 
bated overnight at +4 °C, still under rotation. The Sepharos*; 
beads were then pelleted (12000 5^ for 5 min) and washed, first 
with 2 X 1 ml of high-salt buffer containing 1 % (v/v) NP40, 
0.5 % (w/v) SDS, 600 mM NaQ and 50 mM Tris/HCl (pH 7.4), 
and then with 1 ml of low-salt buffer containing 300 mM NaCl, 
10 mM EDTA and 100 mM Tris/HCl (pH7.4), Finally, the 
samples were solubilized in Laemmli buffer and subjected to 
SDS/PAGR [21]. Electrophoresis was performed on 10 % (w/v) 
acrylamide gels and run until Che 30kDa standard protem 
reached Ihe bottom of the gel. The photolabelled proteins were 
visualized by autoradiography of the dried gels, densitometric 
analyses being carried out by means of an image analyser 
(Biocom, Paiis, France). 

Immunoblotting 

Platelet membrane proteins were separated on 9% poly- 
acrylamide gels containing 6 M urea for the Ga^ subunits and on 
13 % poly acrylamide gels without urea for members of the Ga^^u 
and Go^j families. Immunodetection of Ga suhunits was per- 
formed by the enhanced chcmilumincsocncc (KCL) procedure 
(Amersham, LilQe Chulfont, U.K.) as described in [17]. 

ReprodDdbillly 

The experiments shown are representative of at least three 
independent assays using different membrane preparations. 

RESULTS 
Immonoblotling 

immunoblottmg of platelet membranes with antisera raised 
against peptides corresponding to specific it^ons of G-protein 
a-subunits (see Table I) confirmed that platelets express G^-, 



Table 1 Peptide antisera used for tbe detection of G-protdn oc-subunits 



(0] Indicates that an N-termina) cystdnc was added to the original peptide sequence in onria 
to facilitate ttie coup6ng to KLH 



Antiserum 


Peptide sequence 


€-prot«In a-sutKJntt 
recogntzed 


AS 8 


(C) GAGCSGKSTIVKQM 




AS 266 


(C) NLREDGEKAAREV 




AS19t) 


(C) IDRIAQPWYI 


«H 


AS 269 


(C) TGANKYDEAAS 




AS 105 


(C) LDRISQSNYI 




AS 369 


(0) LUi.NlJ(hYNLV 




AS 232 


(C) QENLKQIMLQ 




AS 343 


(C) LHDNLKQLMLjQ 


«« 


AS 227 


(C) HLRStSQKQKKEl 
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(a) 

Urea 6 M/dcrvldmide 9% 




«ic ac "=^1 «i, 



(b) 

Acr/tamtde 13% 




F^ure 1 ImmunoWot aiialyd& G-proteln ac-^bunlts In platelet membranes 

Platelet membrane proteins C200 /*3) m9 sepaiirted on SDS/9% acrybmide gels containing 
6 M urea tor the Gof subtype (a) and on SDS/13%acfyUmida g»ls fi>r ihe other sutuypes (b) 
and blotted onto nltrocellulo$e filters. Filter strips were tncutialed witti ttie toUowfng antls^ 
(specificity. dilutlorO: AS 26& (anlisXfc. 1 125); AS 8 (anli-Oj, 1 :5D); AS 190 (anti)aft, 1 :25): 
AS 269 (anting, 1 :bO); AS 105 mi^-^, 1 :60); AS 369 1 :150); AS 232 (antf- 

a,2, 1 :bO}: AS 343 (anti^.^. 1 :S0); and AS 227 (ami-tX;, 1 :100). Bound antltwdles were 
trisuatized b/ the ECO techiogue as dfJsoiHiud in the Maleials tni methods section. 



39 kDa-*- 




--43kDa 



^i'A^S 



Rgore 2 Pbotolabsilfng and imnnmoprecipllatian of Gop Goc^ and Go^^ 

Pt^let iiiHnibrariBS (400 pcQ) were photolabdlcd with d mCi ot [a-'^PlGIF-^oanillde, tn 
^sence ol a stinuibtor (cnntroO or in the presence of S fM U46G19. 10 TRAP-SF/ or 
10 /^M ADP. Pn^ins were immunopreclpitaied with antisera AS 266 (ami-Oi^ 20>(D. AS 
359 (anti-^kq/,,, 15 /d} and AS 232 (aiti-oc,}. 15 /tl). si^ratcd on SDS/10% scrylamide gels 
and revealed by autoradiography. 



Gjj- and G^j-proteins [17], with the exception of Ga„ which was 
not recognized by our antibody (Figure 1). This absence of Ga,i 
was supported by the observation that purification of pertussis 
toxin-sensitive G-proteins from human platelets yielded onty 
Ciia£,2 and Ga^^ (results not shown). Using a 6M urca/9% 
acrylamidc separating gel, we were able to diiitinguish between 
Gojj and Ga^, with an anti-Ga, common antibody (AS 266) and 
this result was coniirmcd with the subtype-specific antibodies 
raised against Ga^ (AS 269) and Ga^a ^05). Once again, 
Ciix^^ was not detectable. Tn addition, the antibody (AS 369) 
specific for the G-protein a-subunits and showed the 
presence of a 42 kDa protein corresponding to ae^^ as reported 
earlier far a^j, a^^ and \2I\. 

Photolabelllng ol membrane proteins and immunopreclpltation 

In order to identify the G-protein(s) activated by ADP, platelet 
membranes were photoiabelled with [a-^'PlGTP-^dounilide in 
the absence and presence of 10 pM ADP and tmmuno- 
precipitation wa^s performed using different subtype-specific 
antibodies. As controls, platelet membranes were also stimulated 
with the TXA J receptor agonist U46619 (5 //.M) and the thrombin 
receptor agonist TRAP-SF7 (10 /xM). As expected from previous 
studies [17], U46619 slimuluted the photolabdling of Ga^, Ga,^ 
(Figure 2) and Goj^ proteins (results not shown) without any 
effect on Ga„ where TRAP-SF? stimulated Go,, Ga^ and Gcc^^ 



iJ j j uu 



^ ^ S 

CO ^ 



Figure 3 PbiAolabelling of Got, subtypes under ADP and ttirombin rmptor 
stimulation 

Membranes (400 ^ were Incubated in a medium contalninQ 10 /^M GOP <tnd phatuWIed 
as described in Figure 2 in the aljifence u! a slimulator (control) or in the presence of 1 0 //M 
ADP. 1U fM TI^P-SF/^ or b /iM U^&619 (negative controQ. The sampies were then solubilized 
in a medium containing 1 % (wA/) Chaps instead cl NP40. Proteins were immunoprecipitatBd 
vrilh antisera As 269 (anti-ae, 20 /<l) and AS 105 (anli-tXij, 20 /*l), s^rated on SDS/10% 
acrylamlde geis and revealed liy autoradiography of the dried gels. 



(Figure 2) or Ga,3 photolabelling (results not shown). Platelet 
membrane stimulation with ADP resulted in an increase in [a- 
wp]GTP-azidoanilide incorporation in the immunoprecipitates 
of Gotj but not of Gos^, proteins (Figure 2), Using Ga,^ and Goja 
subtype-spcdfic antisera, wc observed that ADP stimulated the 
photolabelling of Go^jbut not of Gol^^, while TRAP-SF7 stimu- 
lated the labelling of both Ga^j and Ga,3, (Figure 3). In Ga^ 
subtypc-spccilic immunoprecipitation experiments^ the platelet 
membranes were soUibilized with Chaps instead of NP40, which 
improved the immunoprecipitation of Got..^ and Got^^ with our 
antibodies. The stimulatory effect of ADP was concentration 
dependent from 0.1-10 pM and was inhibited by simultaneous 
incubation with the Pj^ receptor antagonist ATP (10 /tM). This 
is illuslniled in Figure 4, where Figure 4(a) shows an auto- 
radiogram of a dried gel and Figure 4(b) the corresponding 
donsitogram obtauicd by image analysis. 

DISCUSSION 

We have previously shown that ADP stimulates the binding of 
p-'''S]GTP[7S] to platelet membranes from humans and rats 
fl3,141, suggesting that the ADP receptor is coupled to G- 
proteins, the nature of which remain unknown. Tn order to 
identify these proteins, wc combined photolabelling of receptor- 
activated G-protcins with immunoprecipitation of the labelled 
G-prolein a-subunits. This method allows exact identificacion of 
the receptor-activated G-proteins» provided the necessary sub- 
typir-spccific antisera are available [15]. All the antibodies used 
recognized the corresponding G-protein a-subunit in platelets 
except the anti-Ga,i AS liW antibody. This antibody recognizes 
Gccji in the human Deuroblastoma cell line SH-SYSY fl8] and 
purified Got^ from bovine brain [23]. The reason why it did not 
detect any platelet protein is unclear, since small amounts of Gxjj 
have been shown to be present m platelets (24], even though the 
functional role of Ga^^ in these cells is not known. However, 
purification of pertussis toxin sensitive G-proteins from 7 g of 
platelet membranes yielded Gou and Ga,3 but no detectable 
Goii (results not shown). 

Using the antibodies described, we found that stimulation of 
the platelet ADP receptor led to an increase in the incorporation 
of [a-"*'P]GTP-a7:idoannidc into the GoLy^ subunit, while, as 
expected from previous reports, U46619 activated Ga.^ and 
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Figure 4 Concentration dei>enilBnc8 of t!te ADP^tlinulated pAotolabelllng 
of Go, 

Platelet membranes {400 jtq) were "ncubatBd in a medium contairung 10 /aM fiDP and 
photointieflRd as described for Figure Z in the presence of Increasing concentrations of ADP 
(0.1-1 0 pM). in the absence or presence of 10 /tM ATP. Pojleins were irninunopieclpitalcd 
with stitiswuiTi AS 266 (anli-«^ 20 am) separated on 915/10% anrylamirffi gels. The 
photutabelied proteins ^re than vcsiiall;ed autoradiography (a) and their relative abundance 
determined by densltometric image analysis (b). results stomi here tjeir^j representative of 
three identical independent experiments. 



thrombin activated both Ga^ and Ga, [11]. U46619 activates 
phospholipase C (PLC) in a pertussis toxin independent manner 
through G^. Thrombin or the thrombin rewptor agonist peptide 
(TRAP-SPT) simultaneously inhibits adenylyl cyclase througli 

proteins and activates phospholipase C (PLC) through G^ 
and prtsumably by means of fiy dimcrs of pertussis toxin 
sensitive G-proleins [6], Whereas ADP is known to inhibit 
platelet adenylyl cyclase, it is a matter of debate whether or not 
this agonist cauiics activation of PLC [3], Our results support the 
idea thai ADP does not activate PLC through the pathway. 
On the other liand, adrenaline, which is not itself an aggregating 
agent [25], has l)een shown to inhibit adenylyl cydase in human 
platelets through adrenergic recei'>tors which are coupled to 
Ga^^ [26], without causing any change in cytoplasmic Ca** levels. 
Thus, it could be suggested that ADP acts on adenylyl cyclase 
through Gojji and that this particular G-protein does not provide 
sufficient concentrations of free fiy complexes for PLC activation 
in response to adrenaline or ADP stimulation. Alternatively, 
PLC->?2 and -fi^ may not be expressed in platelets. I 'urther studies 
arc needed to answer these points. 

Since the activation of Go^ by ADP cannot account alone for 
its aggregatory effect, how then can the stimulation of ADP 
receptor(s) result in mobiliioilion of intracellular Ca** stores? In 
conlrusL to most aggregating agents which inobili7e Ca*^ through 
rh-7nyt>-mosxtQ\ 1 ,4, 5- triphosphate, the signal transduction 
pathways of ADP are poorly understood [3], ADP induces an 
increase in intracellular Ca*"^ in a unique manner, involving both 
activation ot'non-scloctivc cation chaimels [27] and mobilization 



of internal stonsj by a i>lill unidentified pathway. Studies of the 
mechanism of action of the and -thrombotic drugs ticlopidine 
and clophidogfcl, which arc specific inhibitors of ADP-induced 
platelet aggregation [28], have shown that in the case of rat plate- 
lets, the inhibition of the increase in intracellular Ca^' is due to 
blockade of the mobilization of internal stores [29]. Although 
we did not find the same effect in human volunteers [30], this 
discrepancy could arise from the fact that the doses of drugs 
given to the animals were very much higher than those permissible 
In humans. These drugs do inhibit the ADP receptor-induced 
activation of G-protcins [Uj. However, whether the Ca*+- 
mobilizing cITcct of ADP receptor stimulation is a G-protein- 
dependcnt effect remains to be established. Studies of patients 
with selective deficiency of ADP-induced platelet aggregation 
[31-32], who have r^uced numbei-s of binding sites for 
2MeSADP, a specific P^^ agonist, should be of interest in this 
respect, and we are currently investigating such a patient with 
our system [33], 

CONCLUSIONS 

Our results confirm that ADP-induoed platelet activation is 
partly due to a G-protein-coupled receptor, which interacts with 
the Ga^ hctcrotrimeric G-protein. This may explain how ADP 
inhibits adenylyl cyclase. On the other hand, the absence of 
activati on of iJie G^ pathway raises the question of the mochanisra 
of Ca^"^ mobilization and the subsequent aggregation process for 
which, as in case of adrenaline, inhibition of adenylyl cyclase is 
not sufficient. 

The authors thanl( M. Goetdner, J.-J. Schlewer and A. Van Dorsselaer for nrany 
helplul discussions and technical assistance in the chemical characterization d 
the [a-'^P]GTP-azidoanilide, and J. N. MuMhiil fnr mview^ng the English o( the 
manustrript. This study was supported tiy the Deutsche Forschungsgemeinschatt 
Fwids der Chemischen. 
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Identification of the Pertussis Toxin-Sensiti?e G Proteins in Platelets, 
Megakaryocytes, and Human Erythroleukemia Cells 



By Alison G. Williams, Marilyn J. Woolkalis, Mortimer Poncz, David R. Manning, 
Alan M. Gewirtz, and Lawrence F. Brass 



Guanine nucleotide-binding regulatory proteins, or Q pro- 
teins* mediate the interaction of agonist receptors on the 
platelet surface with phospholipase C and adenyiyi cyclase. 
To better understand this process, we have used several 
approaches to identify which G proteins are present in 
platelets, normal human megakaryocytes, and human eryth- 
rolaukemia (HEL) cells, a leukemic cell line with mega- 
karyocytic features. Because platelet and HEL cell re- 
sponses to thrombin are inhibited by pertussis toxin, we 
have focused upon the members of the G, family, whose a 
subunits can be ADP-ribosylated by that toxin. Western 
blots with antisera specific for demonstrated the pres- 
ence in both platelets and HEL cells of the three best- 
described forms of this protein: G^,, G^, and 6,^. Based 

T HEABILI^^ 
tide hydrolysis by phospholipase C a;^@Q|i^bit 
ci^^pfbrcri^ 

sensitiv^rguanine^ 

|^^|:ofein^'** However, although such proteins are known to 
exist in platelets, there continues to be uncertainty about 
their identities. For example, inhibition of cAMP formation 
is generally ascribed to the G protein referred to as Gj, but 
cloning studies in cells other than platelets have shown that 
there are at least three forms of Gj, with a subunits 
designated Gj^i, 0-^2^ and Gi^j.'^*' These proteins are 85% to 
95% homologous with each other, but they differ in their 
tissue distribution and may serve dififerent functions. Which 
of them is present in platelets and whether other pertussis 
toxin-sensitive G proteins are also present is unknown. 

Many of the same considerations apply to the G protein or 
proteins that mediate agonist-induced phosphoinositide hy- 
drolysis by phospholipase C. This G protein is often referred 
to as "Gp." but to date no single G protein has been shown to 
be uniquely capable of mediating the interaction between 
agonist receptors and phospholipase C. It is possible that one 
of the members of the G^, family serves as Gp and regulates 
phospholipase C in cells in which agonist-induced phosphoi- 
nositide hydrolysis is inhibited by pertussis toxin, but this 
remains to be established. 

In previous studies the pertussis toxin-sensitive G protein a 
subunits present in platelets were detected by incubating 
permeabilized platelets or platelet membranes with the toxin 
and ^^-NAD.^ '^'^ When analyzed by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE), a single 
band of radioactivity was observed that had an apparent 
mass of approximately 41 Kd, a size that is compatible with 
any of the known G^^ types. At least two radiolabeled proteins 
within this band could be resolved by isoelectric focusing.'^ 
Limited digestion of each of these with trypsin or staphylococ- 
cal V8 protease gave rise to identical arrays of radiolabeled 
fragments.^' This suggests that the pertussis- toxin substrates 
in platelets are highly homologous to each other but leaves 
open the question of whether they are distinct but related 



upon immunoprecipitation studies with [^S]-methionine- 
lebeled HEL cells, their relative abundance appears to be 
^ ^ Gj^ > G,^. A HEL cell cONA library screened with the 
G)„ antisera produced clones encoding Gj^ and G,^ that had 
sequences similar to those reported from other sources. 
Gj^-specific probes created from these cONA clones con- 
firmed the presence of mRNA encoding G,^ and G,^ in both 
platelets (by Northern blotting) and megakaryocytes (by in 
situ hybridization). Thus the pertussis toxin substrates that 
have previously been detected in platelets and HEL cells 
are shown to be menfit>ers of the Gj^ family, all of which are 
candidates for interaction with receptors for thrombin and 
other agonists. 

® 1990 by The American Society of Hematology, 

proteins or a single protein that has undergone a post- 
translational modification affecting its isoelectric point. 

Many of these observations about pertussis toxin, G 
proteins, and the mteraction of thrombin receptors with 
adenyiyi cyclase and phospholipase C also apply to human 
erythroleukemia (HEL) cells. HEL cells are a human 
leukemic cell line that has been shown to synthesize proteins 
that are characteristic of the megakaryocyte/platelet lin- 
eage, including membrane glycoproteins lb, lib, and Ilia 
and the secretory protein, platelet factor 4.^'*^* In addition, 
HEL cells, like platelets, express thrombin receptors that are 
coupled to phospholipase C and adenyiyi cyclase via one or 
more pertussis toxin-sensitive G proteins, making them a 
useful model for some aspects of platelet function.^ In the 
present studies we have used inununologic and molecular 
biologic approaches to identify and to determine the relative 
abundance of the G protein a subunits in platelets, HEL 
cells, and megakaryocytes that are substrates for pertussis 
toxin. The results suggest that all of the previously noted 
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'mn«^/l^ I^TA. aad Ol5% THton XrlCd. TWOHiimeu^^ ^^OE 
aiiiyiEb:i^ prateedai^^ fi^<pT«rre^ 

Tbe predpimm 

in ^^^ttlNn^I^ 5/7 {|^^ Rk^iK^ CA), 

QCt%sbdionidm)^ 
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iOFGEfUil^O^ 



i$ie 



oaRiAOsoirx 

1521 



io^P!aptj|iiM^i^^ 

Ci^' fWCjeghfead by. : pa p Sdf d8^ 
ffetod .gbtiSi^^ a^|*ii^: for 

wpTl .Wl, «9Mf fyiMi.lUpilUf MGn 

i^|fi«N^itd: to 

:f Jiff pfpFyosi:«iiuvvii;wiuHn wio 

■b ^ ao a .yapjpiwwH^r^M^ 
-if.9lien6|i of. amirio fcida 

jpifotiftt ffiiiMijii ^'tho :f£itiMl' adb* 
-'iiiiita» Willi .dSEflTaraMoaa lifoifi.^tfio^ 



In bold typ«* 




fits, HEL C^; 0(02 Qjia 



0;^ <13M iflW) or iMkiiia to s |^rifl|l» itomi of A. CSaiS* mi« 



$J iTKil/t tireftv TlK^jlKsdectric 

PX, r4^ S^L^ 9^ fii^L oraiu lad 4% aoTtiui^ 
iImcIh^ i>m i^<n^ at 800 V for 16 Iboitirl luiiig $p: 

mnj^/t ttkOH die <»tbQ|yi^ liEtd io mwMfL t$ tbe 
ttpd^ IVl^Uy ibe gradlnits were Uiiear from pH 5^^^^ 
tike teot^iUs^o^ 

iscMkm ^ cDNA ckms fitr HEL Ceti subuni$s. Tottl 
ccjitiiar WiA mu W^^axA frtm) HEL odii oalog Uk smbod of 

<Ni digo (ir!><^ iii Use vector 

Xgtl l was; used ts previoudy <kscribed^^ I^tage conuising 0|« 
ss^mlt e&NA irere Moi^i^^ ^ imemn^ft teim of timi^^ 
cpit yip^a with fntlsemin 13$$, whkb reoogoix^ 0|,it Cf^h ami 
^iii \ 2}* l^^tties iwili^ wit& tl^ |iU|bpdy wieie 

ayidiii^iMirsemd^ pmxidase^ to ddM tlie is^^ 

CkoimHilmUm ^Cf^ chrm DNA ftotti mmlbod^ 

jpoiMtive Wii; pwriid tiid^ ^^a^j.^* cDNA 

^ MUori^i^ iNU^to^ iid tmidex^ Into JMI07 jb^i^^; 
bpr^aure tiiig|b«im»dcd DNA tioi kith orkotfttions.cDNA insert 
oricQUtidti «xid bom^e^ wot demised by ftcuKaliaji «i&^e- 
iiniikleii 0HA fniio 4tf Violates ami ^^^^^ 
St ii«(ei(i«^ iU»aut^ L§bm»B!^ei)i'^ tie iiu^eoiic^ 

$c^uiB!M» iibe dgNA wort <#|tiijNPd iuu^tg <iilNi^y cihaiQ 
ternuhaUtm t6^i^|[iie 0^ Sajotgar M al^ acid ; Uie imsvmal M I 3 
piiisna^ (Bdiiada Resourdi Labmtf^es):^ 1^ oomj^ seqoeooe 
^ 0^2 iiDNA was i^^dned bjt fittj^a^ a serk$ of ^mdippSt^ 
d^lli^^ Bal 11 mi^^ tbe 

l^imm tiuit wei«4^^ p«ibllilMid seqqiemxs»^ 

Ji^miumthi matji^ iif UELmd i^mdit totaf MiA. Total 
RNA from HEL celb^ pidieteu. aiMi white blood celts (WBCft) ym 



pit{^fti|d^ t^^^^ acM gouiidy um^pboii^'^^ 

MEL ixlUi w^ gft^ to RFhil witti ICft PCS* H f^lti^ 

and wbt^ wv^lsolai^ fh»»ipea^ 

Mosd <itoiiied from mMtnaJ d(»K»ni ai^ toUm^ aic^ 

dtrai^^tfdete.^ Atter ie^meiulii|[ the ted cdb; ulauku were 

ooUeie^ frqao tl^ iqpiKr two Uilrdt «r ihic {4^tdet^Hdi ji^amia 

oeU-^eiied Irtctkm was Imflrjr 

this fashM* U^t n^metoopjf n^^ealed: agproi^inateltK I i^te cdl 

jj^iiOOOoe^ 

N^^^HBiiil^^ lO^ to 

ISjtif ^total RNA w9$ riiii^ alll^tgaiiPi^^ 
miA/LM09S. pH lAf 50 mmd/L.tocUtiio acetate^ a^^ t oum^/L 
EjpTA^ 11^ ^ then tiiu^eried to Zetal^ 
fi|Mna (^^no HiursticNEi l^iKfts tii 104^^ l^st^Hpeatra SSC 
(t $0 mind/L^ N and 15 tm»oi/L sodhmi, dtiate, pH aitd 
dried; l^ie^^ wa^^lor 30 lanyUiuteilp^ 
SpS at; 1^^. iMiy^^ iinu otrtliBdout at^l^^ fori botir 
«^tb;!^ix|i^^ ajtem j^ie^ aiid Ijo jttg/mt poiy 

rA-ta aJ^a-coatah)!^ pH 7.5* t% 

SOS, l%boi^be seraffi «Ilwiiuo (ftSAKa^ 

Specif cDN A were inftde from licsitilctkjQ fiijgitieQts m 
the 3^itntf&miat«4 n^kmi <^ the two MEL cDNA dbiHSS 
Qsii f^N3^<^ Tbe^y-fpc^ pn^ was a t52 ^iJH^pn 
i/EboRI ffa|&»^ tbe pir^ wu a 299 1^ 
ifrMR]^ A fiitt4eagtb d>N A^ 

cDNAUI^aiy w«$ a gliti from Iha R Sray and Nlfenbera;^ A 
^eciSe; pn^ fro^ this cDHA wasnuuib from a Snari/i^RI 
lS4^^r^^ fr^eign^t eomptt^ i^iUt^ <^ t^ 3^ 1^ 
r^3^ libb ^idet^^i^^^ 4 |^ti)e rat a 4^^,K^NA iismri^^* A 

(lefwed to as •*3, y-^^^ 

toji ^>ed6c actHi^ <^ 10^^ the calf tbymaa laoi^ 

:ak»»&«to^(^|^^ 

iieoody (Amo^iam, Arti^^ Hdgbtiii IL). 

me^lduuryocytet were obtained from mmnal toors. eoH^ted by 
ooonter&w eemrifi^^ etatriai^ aod i^aced ia^ diort-ierm 
aui^eittkai cdtom^ AAo- 24 bmit, d(kit»^ ^<>^ were fixed for 
J^lowtitiiat 

5 rmnoi/L MgDj* "i^^^ twtoe in dleibylp^pic^^ 

wat^» «id tboi i^ored to 70% ^nol at ;>C Qdti were; itil»e- 

quentiy deported onto gbssaSkioi b^^ 

lu^emented by Iiimsu^ k^pdficitJ^^ a 

mcBiocloaal aniiU»ody (hlo^ to i^Md^ |tyd^j|^Ee^^ 
illa,^ 

!» dtn bybfldizaUoa was carried oia with tbe dE>NA prate 
dcaoribed al^ for the Nmdieni l^tiiigrftiMliies <ri|[g^b^ idtb 
il^c^ti^ RcseiLrdi: Mb^ 

desf^lbeil^ Brkily t^ &iu?d n»Bi^^ 10 
outtuta: in pbofpbi0i*buffat$ (PSE^ o:nU^^ 
MgQ2« tt^ <cqpegtliainy in; tj^haiKi f imin e ffil ind/L)« 
actik^anb^^ in tirletha^^tmi^ 

luid 0,1 m<^L p 2 mfL ttMm (pH 7% 

4$% formaoude (vol/voi; Rnlca CliaQiticaL Ronlunilmu NV) ai 
65^ for to inintttes. tliei^^a weie rottxiH^iffom thissolatto andl^ 
l^iioed on a dide winacr at :4^K^ iabt^ rt^obe» dn»6ivtd bi 
byld^ (ipp a# fffo^/Bi^^^ costaiiub^ 45% forma- 

Rilde (AE^ne$oo» Solc^ OH) and 1 iaj|/mL tlUSiA^ was teat 
ttenattml at 95^ 10 mlnates, alltr wltki tiniiei 30 |tt wis 
layered over the cells. Hybridaaiioo was albured to proceed for 18 



I 



toiits at 31%, tiler vdMi tliee i^ei wjitl^ 4ecfoumtg 

NaCli 7.5, <x»ftte ^ BSn% (oy^liie fim^ ^^ffm 
C^kral St Lonis^ 1^0) iii^jNA^RJ^ were deMsded by 

u^pro^M^d^ i«iQg t DMA ICH (Ee^tes^ 

to 4ec|i4»ro«^^ iffo^ti^ h odi> vyUiip^mL Etc^ 
M^iilm^ W)^itiiM i»Q8^£iN cm^Midm t^Nibi*IPi-4UflMsbe^ 

IdmUfioiiUm of phuiei md MEL ixll G jmMn a 
subunitshy inmum^masf^bhiti^^ FeptidfMiftM^ 
Usera llml art sfx^dfieifor ^cti of 1^^ kmi^n members of the 
Qi^. family were pn^ted by liueqUiig n^bbtts wttb the 
ktH*o»)|tii^ted pd^pqplttid^ sbo^is In 
spedfldties of the aitl^cra hm6 tipoh 6mpaH$on df 
the m&m acid S9j|tta[K!^ of (be vaHoiis G« Uie rei^D 
etioompaj^ l^cff^tde^ IIm^ adtialrspocticHks the 
antisoa iitre dc^ormiiied by immunpuiftf!^^ ti^tltng with 
it<»mf^imM a. Milmnits (Fig; 2). ^^s^3xA iijpon tiS^ ansilysis, 
antiserum 1398 recognizes all tbrte fcmns of Gi^ while: 
anti$era3646^ IJfZ^ 151S are specificl^G^^ 
0$«|t respeictmly. AnUserum 8730 a^tso reoq^nli;K$ idi Ihree 
forms of C|. but leoc^iilzes G^ Itss^ w^^ and G-^ 

This diiSj^ence :i$ ocMistent: «riUi ti^ presence wtihin the 
pej^tid!| i^i^bd iio i^ripure )$ntij^ 8^30 c^lwp aigUio ao^ 
that aiti dlftbrcpi tvom (jhnse: {^rcss^Rt lia the oqrtespon^ 
posittoQ of (F|g: 1)^ The spedj^ly of antisem 3646^ 
1521, and 1518 fc^ Ibdr fespea fonrui of Qy m& 
leaffirmed by tht^' tadc of rcacdyUy with the alti»rnatrve 
forms <^Gjy, even the recom!&ani pmelns wer^ 
at lOibnes theam^ iRg 2 (m^ s[hc^)* 

l^re 2 ato inditdes the results thai ^Bt^ obtaiiied when 
the antbera aUowed to resu^ wi^ the jnrt^di^ from 
piatdet and HEL cdi meml^dnes. Each of the anthm pve 



tfiat aU three of tiie 'G-^ family wmkhm are preset in 
platdetsaiid HELcelL 



cIpUam. At! of tht^ kfM>wn G^ fainiiy m^bm 
ipi^ne fts^due at m\Mi AOS^ribo^ation pcrtussiai 
u>]un mmnatly oocors^'^'^ Oiir prev^ 
Uie pe»1tiss!s^ substrates In fHatdels <^n be ir^ 
two^sine^^ c^^pctNqpli^^ least tm pititai^ 
iliat have ihe mm t^pt^tm mass (^i K4) but different 
Isodec&ic pmnts/' Eased upon Uimted protecdysis, those 
pfo^iu^ af^re^^ to be higJtdy honnrfc^^ other* 
but k: was jfK^: possJb^ to ideiUi^ them «dth cc^nty. Fmr 
Ihesii^dies 8l»»wti1^ f^3« membrane |m)lefns were tmmuno- 
pred{]$tated^ f ri^ :(%]-me)yhiicmi HEL cells usjng 

theGii^'^IMc^cantisera, 

also f iidiib^^^ oy^iglit vi^tii pen t<»(ln: prior to mem* 
brane {Hepafati<»^ so that the pertussis :tO]un*$ensitive G 
proteins w<nild be ADP-nbosylated as well m ('^|* 
mcrtto iabd# 14^ of min that was 

used, 100 ng/tnU is suffidk^t toaimpl^^ HELc^l 
rcsppmii^ 

plbrtusdy^ tcodn substrates: in HEL c^hu^'- |mmuiK^[»n^ 
Mes frcmi the fadiclabded HEL cdk analyzed! by 
twcHtteerijUonale 

The restdtsof smmtm<4^^ 
in Fig 3^ The radiolabeted proteins re^iresaiting GL are 
identffiable by (0 ibeir <^raeteri$tle ng^f^ below 
acUfi at an appaitm liiiol wt !Plf "^41 IQd ^ (^) i^iieirf^^lP^ 
shift liOL tsoeicd^:p^^ (irij^tward as shown In the Agur^^ 
when the cells vmt^ inoibated with perto:^ toxin. With 
antlsemm 

three: distinct mdyabeM^pecies are vi$ti^ One of these, 
whkb Is consistently the nmi inteni^y radiolabded^ ml* 
graus iofmi^ifia aetin in: the abslmce c^^p^ 

toiUn. Thb {nrmdn was sdiectively Irnmunopredin^ted with 
Ui^G|,,^r^pedte^ A tes 

iniens^y radioiabded, slightly more bsusicf protein 



SgglSffety 





G^ 1521 
G|aj 1518 





- f 







mly^ of N;! «tn Ir^iM^ 
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:ivMH$ilodliui 'in . atwiines of 
wont ^|fiwfafnio|ifw mfv^ 

8730) or imtiMa «Pf^^ ^ 

d^ liestii or %^ imz\. ihm 



suii^iwti try; m^m!^»iffimi^i 
^Aeldtv-«^^ 

linnnionofM^adyikHaias i^. a ooo* 
tiAtlnpn^ afid:%vf0G^i.lMM..Mi:[^^ 
parM MM ifi^^Ktfy gMHi^ 



G PROTEINS IN PUTELETS 



726 



tively immunoprecipitated with the Gj^j-specific antiserum, 
1518, suggesting that it is Gj„3. The locations of these two 
proteins after ADP ribosylation is similar to that previously 
observed by us for ^^P-ADP-ribosylatcd proteins isolated 
from platelet membranes incubated with '^-NAD and 
pertussis toxin,'' suggesting that those proteins were also Gj^ 
and G;^. Additional support for this conclusion was obtained 
by using antisera 1521 and 1518 to inmiunoprecipftate 
^^-ADP-ribosylated proteins from platelet membranes. Each 
antiserum inmiunoprecipitated a single radiolabeled species 
whose relative position on the two-dimensional autoradio- 
gram was similar to those shown in the right half of Fig 3 (not 
shown). 

In addition to the two proteins identified as Gj^ and Gj^, a 
third protein was seen in the HEL cell immunoprecipitates 
with antisera 1398 and 8730 that had an isoelectric point 
more basic than either Gj^j or Gj^ (Fig 3). This was the least 
intensely radiolabeled of the three distinguishable proteins. 
Based upon its immunoprecipitation by antisera 1398 and 
8730 and not by the Gj^s and Gj^-selective antisera 1521 and 
1518, it is tentatively identified as Gj^,. This conclusion is 
supported by the observed mobility of purified brain Gj,, on 
two-dimensional gels reported by Goldsmith et al.^^ How- 
ever, the Gj^j-specific antiserum, 3646, which might have 
confirmed this idratification, failed to immunoprecipitate 
detectable amounts of any of the radiolabeled HEL cell 
proteins. 

Identification and sequencing of G^^ clones from an HEL 
cell cDNA library. An HEL cell cDNA library previously 
used to obtain full-length clones for platelet factor 4 and 
membrane glycoproteins lib and Illa'**^' was screened with 
antiserum 1398, which recognizes all three forms of 
From 40,000 plaques tested, 10 positive clones were isolated. 
Nine of these were identified as Gj^ by restriction mapping 
and/or sequence analysis. The remaining clone encoded G-^, 
No clones expressing G^^i were found among those purified 
from the HEL cell library. 

The two longest clones of each type were sequenced 
completely. The Gj^ clone is 2081 nucleotides long and 100% 
homologous in its predicted coding region to a human 
lymphocyte G-^ cDNA clone (Fig 4).^ It is, however, several 
hundred nucleotides longer in the 3' untranslated region. 
Minor differences in the 5' and 3' untranslated regions of the 
HEL cell and lymphocyte clones may represent actual 
differences in these regions due to genetic drift. 

The Gj^ clone is 1469 nudeotides in length and also 
demonstrates close homology to human lymphocyte Gj^,^ 
although the HEL cell clone is slightly truncated, missing the 
5' untranslated region and the first three amino acids (Ftg 5). 

Detection ofmRNA encoding C?^ in platelets. The HEL 
cell cDNA clones shown in Figs 4 and 5 were used to develop 
probes that could be used to detect messenger RNA (mRNA) 
encoding Gj^ and Gg^ in platelets. To minimize cross- 
reactivity between different G^, subtypes, restriction frag- 
ments were prepared from the 3' untranslated region of each. 
The 752-bp Kpnl/EcoRl fragment from G;^ recognized a 
band migrating at approximately 2.4-kB m both HEL cell 
and platelet RNA (Fig 6A). The 299.bp Sphl/EcoRI 
fragment from Gj^j hybridized with a species at 1.65 Kb in 



-29 GG6*C*G0CGG0CGGGC0GOC6GACGGOG6 
~C-C -*-• 

CODING 
REGION 

(Identical) 



T • 



+1179 CCCCCG<XGCTTTTCTCCTCTTTCCTCTCTT^ 



+1229 CCOCTCAOCTCCAGACGTAGOGGKGGGGTTOCCACAGGCCTCCCTGTTTG 
00 

+1279 AAGCCTGCOCTTGTCTGAGATGCTGGTAATGGCCATGGTACCOCCTTCTG 
, — « « 

+1329 GCClJCTGTTCTG G r rm ' A flOC&TTGTCTTGTOCTGTG*C&TGAGG(y^ 

-•-T-i * * T— 

+1379 GGGGOeCACMXXnMaffirCTCCCAAGGCTGCGTCTGGAGGGGCCCCT^ 

** rc^ * 

+1429 rcriCCAGCtG<AOCCCaiGCl^^ 



+1479 AiW3TCCA&ATGTTTACIu;QGAGCCTOCrGCCCAGTCOCOC^^ 

— — * * 

+152 9 GCXCGGaOGCOCCAAJUX»AAAA6CACAAGUUX:GTGAGACGCCACC&T^ 

— C — COG * * 

+1579 CCTGGRAftCCftCftGTCCACCTGCTCATTCTCGT& arm 



+1629 AAAGXIlAAOSAAAAAaA&AAAAAAAAA&CTGCAAATCTAGAAAACXTm 

** ** / Sad publl»2Mi saqamco 

+1679 A£5AGAJUAACTATTTAAaACTGTCA(aiTCCTGACC^ 

+1729 AGCCCOCCTTCCAAGTGACTCCGTGCCTTGAGTGTGTCTGCGTGTCT 

+1829 CCTGCCCTCCACAGA&TTGGCai?CCAAGGGCTGTTCCAGAC&ACT^^ 

+1879 CGTCACTGAGOCCTGCCCCAGCGCOCTGGCCOCAGGCTCTATTAACCTAA 

+1929 AATGTAGCTCCCT&GCQCT&ACCTAGGAACCGCCGCTGCCTGCTGGGGGC 

+1979 CACGCCCCTCATGCCCTTGTOCCACCCCGGGGGCCTTCAGCGTTGA^ 

+202 9 TTOCTTGCTTTTTTCAC&TGTTTTATGGWiTTGTTCACC 

Fig4. SeqiMfiCtf of HEL ceOQ^ Schematic of the HEL coflG;^ 
done (top Gne) shown fai comparison to a human lymphocyte G,^ 
clone (bottom Bne).^ An (•) denotes the absence of a base in a 
particular sequence; identfty between the HEL ceil and lympho- 
cyte sequences. Differences are sliown In bold. The coding 
regions, shown in the boxed areas, are IdenticaL 

both platelets and HEL cells (Fig 6B). In contrast, neither 
platelet nor HEL cell RNA hybridized consistently with a 
254-bp Scal/EcoRl fragment composed of the entire 3' 
untranslated region of a human brain G-^^ clone/^ 

Human platelets contain only relatively small amounts of 
RNA, which represents residual megakaryocyte RNA. Sev- 
eral approaches were used to ensure that the Gj^ RNA 
detected in platelets by Northern blotting was actually from 
platelets and not due solely to contamination from the WBCs 
that are invariably present in platelet preparations. First, a 
probe that recognizes RNA encoding the platelet-specific 
protein, platelet factor 4, was used to confirm the presence of 
platelet RNA. Second, a probe against the fi subunit of the 
neutrophil protein, LFAl, was used to detect white-cell 
RNA.'** Comparison of the relative amounts of PF4, LFAl^ 
and Gj„2 RNA detectable in typical platelet preparations 
with the amounts detectable in deliberately white cell- 
enriched RNA preparations confirmed the presence in the 
platelet preparation of amounts of G-^ in excess of that 
which could be attributed to contamination by white cell 
RNA (not shown). 
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ici6i^ fyiditi^ nil <iSsi^&h(n^ 

of thrM 911^ «eMt 4rt «h« amino; «»mtNiuSf Init 

i^>M>«>eoj»r • boio in* fwnktdiir «o<jponco; — ;^ ldteft^4«t¥M«n 
tho HP^ici^ ond. ij^n^iocyto (0(|U9itcot^ ilHfTitfoniiM^A vtKHAm - In 



/)? Usti hj^iditafipn studies with fnegakjair]^^ 
FurUier o^^iraiaiion thkl mRNA ^c^ing O^^ an^ ^i^^ 
present in platelets was obtaSiusd by examimi^^ 
cytesiby >tn^ l^at aik^^ 4ifpct 

Vistiati2ation^^ yaitigcatipn For ibese 

studies the fmgmeiiis from ibe 3^iiotraaslated reglorts of the 
HiEL cell and Qy^ cDNA d<>Res and tbe bmlh Gj^, 



ifOMA clone were; oli^oUibeled^ witb Wotinvll-dUT1> and 
iiioibatdi with megataaryocytes that had bcm fixed Mtb 
paraj^iK^^ HybjiiitatiQii 6flhepvobe$ td tbcfiieje^^ 
kar^^cx^ RI4A was debadl (isti^;ibeis^^ 
plki«(pl^tase Cioibr itacdoh; A positive sij^ indicated; by 
tim app^ra in 0ie^rt^^m 

dftbe odl, thedemity of b rdated toabundanoeof the 
mRNA/*-** The results in Fig 7 sbov^ tb^ megakaiyoqi^ 
ir^et strongly witb the Gt^ pro^^ 
Gj^3,^pnabe.T1^ probejgi^v^j^ ri^U tii$t«^ eqi^^ 
n(^ilveconfi|iared tatbe pBRS^H 

DISCUSSION 

The Interaction df tbronibm receinors with adenylyl cy- 
clase arHdphcKtpboUpa^ in hunmn piatdets and HEL cells 
Is thought to be mediated% one or more G proteins with 
subunjts that ai$ stibstraksfor pertussk^ condu- 
sioif is ba^ latj^y on tiie !i»riden Irpni $twSl(» of dell 
IttActlon whic^i are te^ewed efecwherei^ Howw^r, th»e 
remains uncertaihty about the number of pertussis toxin* 
sen»Uve G prdttiiui present In platelets and the identity of 
the; p^j|lJ<?u G; protdins j^t stimutate ;{^ 
hydrolysis and inhibit cAMP fornaatlon {**Gn; In 

our previous studies^ we found that platdeis contain at ieast 
two bighly hdmdidgous |i«^u^brt<^ siibi^ies with the 
same mol wt; *4l Kd but dif^tly dilTdrent isixldaric 
points,*^ Both; of these appeared to be couplird to thrombin 
recqitdrs^ ;$ince :prelnctt^tidn of the delis witii ibrdmbin^ 
MMtiedsub^ 

biy by aitmng the oonfi^raUon necessary for interaction 
with pertussU tdxin.*****^* 

Wtm :p<mca^ platelets^ or mtsw^ WBL ceX^ arc 
incutmud wfUi pertussis toxin, there Is a dose correlation 
between the extent of ADP-ribasylatioa and the loss of 
thmmbin!s abnity to simulate phG^phoinositi^ hydrolysis 
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e<»i^ iHY ^ i^t^ tP) pr^^arod^ 

.ri Htftetab4ia d ^CI^"ipocffle -'liri^jiiiiiMitS' er4Mit#d' ftretti' 
tM;3' imtran^tfd rodient of MUt ^ (A) 




bldtlii^t1*4RI^^ prvlHit ip«^ IMhI Ct^ Apotmii^^!^^ 



Iwo ;G fjitol^ whDseidt syubtumk an apparent inass^ 

a{i$iiaa&^ 41: Kd and^ simile inisa^db^ 

fiM^* life gial «^ 11^ ptsi^t was to SJieitiiy ^ 

(^protebi detected in j^elets'arld 

platelet and MEL <^ menibraties ^ih /pepttdcnlirected 
antismxifesia^ re^^ed C]f|«,vG^afid^ia} 

by W^BS^m tiio^ Wiben the satne antbi^ werie^ to 
immunoprminkte (^j-metlutmme- 
labeied HEL ceii^ tbi^ radiiciyieled prc^^i m0 be 
tdentiiipii tt^t Imd i^isieetj^ iiii^^atitd ^t ttmferwem 
the aj|{ir<i|^ Jhift tn u^ti&etin^ point u^n; AI>P^ 
ribos^tloii by pertussis toxin. I^ie i^ti^^ inobi^^^ 
piotcji^ consistent "d^th thai di»ervod iM^tvioujsi^ by 
<joidsiiij& et a!** for puHj&iid^^ ^1^^ ^ Qmr 

Aj^unitng that the tluee proteins incorporate (^l^finethio- 
nine |6 #ppipktiii^^ the saniel aiid are ^uatty 

iiWnniuc^^ the %i^ 

retathre atenlbnce of the proteins is Ci^^^ > G|^i^ Based 
upon isintfiarfiy of si^ and ^tsoelectne b(^ay»^ it is liMy 
that Ute two ^^P^ADP-ribdsjylated proteiiis noted in mt 
earlier sttuljics:^^^ 
Hib ocmdiiston is compatible ii^th recen by 

peiljM^^ sutejpiU^^^ 

Bksed^upon limited sequencing; the more ainmdam protdn 
appeared to be G^^ The; less abundant was t^tatively 
sd«ri|tifi<»d M cither or Gj^. Sinutelj^ Gmth et 
^mm^ a #^ proteui In 

plateleu ttsing a pepiide-dtrectetl, G|«}«selectlve antiserum. 



iMjf^P IM/J is tiieqfcti^ e(|iiiya to m anti$eroni 
lliose authi^ d^ fi^ ^a^^pess a Gj;^^ecii^ 
antibody and t^tmed a nc^tive: result wiUi the 
sdtc^m LD/i pir^^red G^itith ct Alth«y#i we 
IMy^ obti^^ ct kp/2 aiqd ;fimd thajt it 

wealQy positive midt with platdet and HEL cell niembrsnes 
when tiised at high bonoc^trittoni the e^^ ine^ge. 
apiM^i^to^be the^sam^ ^td^ ai^ HJ^ 

cells x«itain jpip immui^ reooi^izablerGL^^ 1^ 
G^i; On the <Hher;handi, we :ha«»& been;undbji^ tojp^^ the: 
K^kMmtion by Cll^h; et aP of a IS^Kd (ilatd^ 
pit^U^ tiiy of the G^ ^S^cra mpkyed^ m 
this or an earlier stiu^^^ uidudlng the &ierimndi pe^M^ 
antUel^ that is th^c^i^ 

t£e i^lktlb^ the G^ 

platelets and HEL ceils and the ooite^Mng prott^ 
present in other cel^ wa$ expk^l^^r Isda^^^ seqiiem^ 
ing ^^im encoding Qi^ and fnmi a HEL cell cDNA 
library. Eased up<m predicted amino<icid ai^iyius» the cod- 
ing regions of the HEL o^t f»rQ^<^ a to. kte^ 
with those from dUicr Sjtmrm. llssue or ape^^ 
dtifmims In: the 3' untranslated legians df the done$,^^^w 
are not; ttnexpe^ed, wjcrt- expiated to emi^ n^^ 
rea^ve cDN A prpbes. these probes were <tsed to confiiin 
Otat KNA encoding Gi^^ and is present Jtn jfiat^lets (by 
NoiUim biduing) an4 m<^^ 
tioii), Ili^^ablU^^ 

the in sitii hy^ Miytdii^ the Source of tlie 

reactivity. 

Thus the inmiun6ld|lc and moloailar biolo^cflil studies 
suggeM: that plaiefie^ atMi idi idu^ 

inpt^l^ t^^t^ faimly. Our fallure^to^de^ %i in the 
HEL cell cDN A expression library by antibody screening; in 
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Table 1 . G Protein a Subunits in Platelets 
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Function 
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Adanytyl cyclase 
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Phospholipase C? 


flPj/DG? 




41 




Yes" 


7 


7 



The identhies and possible roles of the G proteins cun-ently known to exist in platelets. The data for the G^ family ere discussed In this report. 



platelet RN A by Northern analysis, or in megakaryocytes by 
in situ hybridization suggests that it is, in fact, the least 
abundant of the three proteins in these cells. An alternative 
explanation, which is that the positive Western blot seen with 
the Gfaj-seleaivc antiserum shown in Fig 2 was due to 
cross-reactivity with Gj^ or G^^j, seems less likely. We were 
unable to detect such cross-reactivity even when the concen- 
tration of recombinant G,„2 and G;^ were increased 10-fold 
over the amounts shown in Fig 2. Furthermore, the same 
Western blot result with recombinant G-^ and membranes 
from platelets and HEL cells was obtained with a second 
Giaj-selectivc antiserum directed against the same peptide 
sequence." 

All of the G protein a subimits currently known to exist in 
platelets are listed in Table 1 . The pertussis-toxin substrates 
are members of the G;^ family. All of these have an apparent 
mass of 40 to 41 Kd. An additional pertussis-toxin substrate 
with an apparent mass of 39-Kd has been reported^ but has 
not been a general finding.**'*"*' The assignment of phospholi- 
pase C regulation to one or more of the members of the Gj^ 
family is speculative. Based upon the inhibitory effects of a 
Gj„-selective antiserum, Gj^ has been implicated in the 
regulation of adenylyl cyclase in platelets,^ but equivalent 
data are not yet available for phospholipase C. There is also, 
as yet, no explanation for the observed ability of thrombin to 
interact with both phospholipase C and adenylyl cyclase, 
while epinephrine is limited to adenylyl cyclase. Data from a 
number of laboratories suggest that thrombin receptors and 
epinephrine (aj-adrenergic) receptors are differentially cou- 
pled to the pertussis toxin-sensitive G proteins in 
platelets,*^"*"**' but the precise basis for this differentiation 
is still unknown. In an earUer study we demonstrated, based 
upon the criterion of the ability of an agonist to inhibit 
ADP-ribosylation of G proteins coupled to its receptors, that 
both epinephrine and thrombin are coupled to what are now 
shown to be and G-^y^^ This suggests that the differences 
in the functional responses of platelets to thrombin and 



epinephrine are probably not attributable solely to differ- 
ences in the interaction of their receptors with these two G 
proteins. 

In addition to the members of Gi„ family, platelets contain 
at least two forms of G„ that are not substrates for pertussis 
toxin. The first of these is G^ the a subunit of the G protein 
that stimulates adenylyl cyclase in platelets in response to 
agents such as PGIj and PGE,.**^* G„ exists as two subfami- 
lies with different apparent masses.*^*^ Based upon radiola- 
beling with cholera toxin, platelets and HEL cells contain at 
least the 45-Kd form of G^.** The second pertussis toxin- 
insensitive G protein in platelets has the same apparent mol 
wt as the members of the G-^ family but is antigenically 
related to G^^ rather than Gj^.^* G^^ is a putative G protein a 
subunit that was originally cloned from human retina and rat 
brain.**'*' It is only 60% homologous with Gi„ and has no 
known function. Based upon immunotransfer blotting with 
G^^-specific antisera, the amount of the G^a^like protein 
("^aKph)") platelets probably lies between Gj^ and Gj^.^* 
How similar G^^j is to G„ remains to be determined. 
Although not a substrate for pertussis toxin, G^^^) 
phosphorylated during platelet activation." The effects of 
this phosphorylation and the role of Gj^^ are unknown. 

In conclusion, the currently available evidence suggests 
that one or more pertussis toxin-sensitive G proteins helps to 
regulate phospholipase C and adenylyl cyclase in both 
platelets and HEL cells. The data from the present studies 
demonstrate that both types of cells contain at least two 
members of the Gi„ family that arc candidates for this role. 
Which G protein is involved in which reaction and the role of 
pertussis toxin-insensitive G proteins such as G^ remain to be 
determined. 
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The major clinical indication for antiplatelet 
ttierapy has been the prevention of arterial 
thrombosis. Arterial thrombi are composed of 
predominantly platelets formed under conditions 
of elevated shear stress at sites of 
atherosclerotic vascular injury and disturbed 
blood flow. Aspirin, the prototype antiplatelet 
agent, has been in clinical use as an 
antithrombotic for almost a half century. 
However, clinical trials have exposed the 
limitations of aspirin, and there has been 
considerable recent progress in the 
development of more effective antiplatelet 
agents. These newer agents are rationally based 
on interrupting specific sites in the sequence of 
platelet activation. Inhibitors of the initial step of 
platelet adhesion remain experimental. Inhibitors 
of specific platelet agonist-receptor interactions 
include antithrombins, thromboxane A2 receptor 
antagonists, and adenosine diphosphate (ADP) 
receptor blockers including ticlopidine and 
clopidogrel. Inhibitors of arachidonic acid 
metabolism and thromboxane Az include omega- 
3 fatty acids, aspirin and other nonsteroidal 
antiinflammatory drugs that inhibit 
cyclooxygenase, and thromboxane synthase 
inhibitors. The clinical efficacy of many of these 
agents may be limited by their actions, which 
are restricted to single, specific platelet 
receptors or metabolic pathways. Global 
interruption of the final step of platelet 
aggregation can be achieved with monoclonal 
antibodies and RGD (arginine-glycine-aspartic 
acid) analogs that block ligand binding to the 
platelet glycoprotein llb/llla complex. Initial 
clinical trials with these novel agents have 
demonstrated superior efficacy in preventing 
reocclusion and restenosis following coronary 
angioplasty and atherectomy. Am J Med. 
1996;101:199-209. 
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Arterial thrombosis frequently causes acute and ir- 
reversible damage or infarction of target organs, 
most notably the heart and brain, leading to death or 
pennanent disability. Therefore, while considerable 
progress has been made in the treatment and rehabil- 
itation of survivors of arterial thrombosis, the meyor 
impetus is to prevent the occurrence of these events. 
To this end, the rapid recent development of more ef- 
fective antithrombotic agents has proceeded in parallel 
with elucidation of modifiable risk factors for athero- 
sclerotic cardiovascular disease, which is characteris- 
tically the substrate for arterial thrombosis. 

ARTERIAL AND VENOUS THROMBOSIS 

The pathophysiology of arterial thrombosis dif- 
fers in some basic respects from that of venous 
thrombosis.*-^ Venous thrombi tend to form in the 
absence of underlying vascular damage. They gen- 
erally result from the com.bined effects of reduced 
blood flow (stasis) and activated coagulation pro- 
teins. Venous thrombi are composed predominantly 
of red cells enmeshed in fibrin, hence the term "red 
tlirombi." Coiisistent with this pathophysiology, 
patients with inherited hypercoagulable states 
(thrombophilias), which are characterized by ac- 
tivation of the coagulation cascade and increased 
fibrin formation, typically have venous rather than 
arterial thrombotic complications. Furthermore, 
anticoagulants (heparin, warfarin) that inhibit fi- 
brin generation, not antiplatelet agents, have been 
the established treatment for venous thromboem- 
bolism. In contrast, arterial thrombi tend to form 
under conditions of elevated wall shear stress at 
sites of vascular u\jury and disturbed blood flow. 
They develop most commonly in atherosclerotic 
vessels. Arterial thrombi ("white thrombi") are 
composed predonunantly of platelets and relatively 
little fibrin or red cells. Therefore, it has been gen- 
eralized that antiplatelet agents rather than antico- 
agulants should be the primary strategy for the 
treatment and prevention of arterial thrombosis. 

The major clinical indications for the antiplatelet 
agents to be reviewed in this article are, in fact, cor- 
onary, cerebrovascular and peripheral arterial 
thrombosis. Nevertheless, it must be emphasized 
that the pathophysiological and clinical distinctions 
between arterial and venous thrombosis are not ab- 
solute. First, platelet activation and fibrin fonnation 
are inseparable and interdependent events in the 
processes of hemostasis and thrombosis: thrombin 
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ANTIPUTELET THERAPY/SCHAFER 




Rgure 1, Mechanisms of platelet activation at a site of vascular injury, (A) Release of platelet 
Inhibitory products of endothelial ceSs, including prostacyclin (PGI2) and nitric oxide (NO), maintains 
quiescent state of platelets traversing intact vessels. (B) Disruption of endothelium exposes throm- 
bogenic subendothelfal vessel wall constituents (eg, collagen); platelet adhesion to this site is 
mediated by von Willebrand factor (vWf) binding to its platelet receptors localized in membrane 
glycoprotein (Gp) lb. (C) Other platelet activators {eg, thrombin, epinephrine) bind to their specific 
platelet receptors. {D) Platelets activated by these stimuli degranulate and undergo the release 
reaction, releasing ADP and thromboxane A2 (IXAz); ADP and TXA2 bind to their respective platelet 
receptors to further amplify the platelet activation process. (E) Platelet aggregation is mediated 
by fibrinogen or vWf binding to platelet membrane Gpilb/lila, a functional heterodimeric receptor 
which is expressed on the surfaces of only activated platelets. 



is a potent activator of platelets and, reciprocally, 
activated platelets provide a surface for enhanced 
thrombin generation. Second, both venous and ar- 
terial thrombi are to different degrees composed of 
both platelets and fibrin, and they are in continuous 
states of dynamic remodeling, undergoing propaga- 
tion, organization, embolization, lysis, and rethrom- 
bosis, resulting in constantly changing composi- 
tions.^ Therefore, the categorization of venous clots 
as fibrin thrombi and arterial clots as platelet 
thrombi is an oversimplification. Finally, although 
their efficac;y relative to more established antipiate- 
let (aspirin) therapy has not been demonstrated, an- 
ticoagulants are effective in preventing acute myo- 
cardial infarction in patients with unstable angina or 
previous myocardial infarction^ and, to a lesser ex- 
tent, in preventing stroke in patients with cerebro- 
vascular disease.'* Conversely, the use of particularly 
the newer antiplatelet agents should be further in- 
vestigated for the prevention of venous thrombo- 
embolism as well as arterial thrombosis. 



Aspirin, the prototype antiplatelet agent, has been 
in clinical use as an antithrombotic for almost a half 
century.^ Dr. L. L Craven, an otorhinolaryngologist 
in private practice, reported in the Mississippi 
Valley Medical Journal that none of more Hian 8,000 
patients treated with aspirin in an uncontrolled trial 
in the early 1950s developed acute myocardial in- 
farction.^ Until recently, aspirin was the only effec- 
tive antiplatelet agent available in clinical practice. 
Aspirin remains the "gold standard'' antiplatelet 
agent, largely because of its relative safety and ex- 
tremely low cost. However, clinical trials have ex- 
posed the limitations of aspirin, providing the im- 
petus for a recent explosion of work to develop more 
effective antiplatelet agents. In contrast to aspirin, 
the initial use of which was largely empirical, these 
newer agents are rationally based on our under- 
standing of platelet function. Therefore, a brief re- 
view of the basic mechanism of platelet activation is 
necessary to appreciate current and potential ther- 
apeutic targets of antiplatelet intervention. 
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MECHANISM OF PLATELET ACTIVATION 

As shown in Figure lA, the monolayer of endo- 
thelial cells that nonnally lines the intima of the en- 
tire circulatory tree is a thromboresistant surface 
that secretes pot:ent, locally-acting platelet inhibitory 
products. The two best characterized endotlielium- 
derived platelet inhibitors are prostacyclin (PGI2) 
and nitric oxide (NO), which inactivate platelets by 
raisirig intraplatelet cycUc adenosine monophos- 
phate (cAMP) and cyclic guanosine monophosphate 
(cGMP) levels, respectively. These autocoids are 
also secreted into the vessel wall to relax smooth 
muscle. Their net effects, therefore, are to preserve 
blood fluidity. At a site of vascular iixjury, shown in 
Figure IB, thromboresistant endothelium is dis- 
rupted and prothrombotic subendotheliaJ vessel wall 
constituents (eg, collagen) are exposed to blood. 
Circulating platelets recognize these intimal breaks 
and undergo the process of "adhesion," in which a 
carpet of platelets become anchored to the vessel 
wall. The ligand for adhesion is von Willebrand fac- 
tor (vWf), which binds to specific platelet receptors 
localized in membrane glycoprotein (Gp) lb. 

A variety of other platelet stimuli (eg, collagen, 
thrombin, epinephrine, serotonin) can simulta- 
neously bind to their specific platelet surface recep- 
tors (Figure IC), and they function in concert to 
trigger a cascade of intracellular reactions that lead 
to the activation and subsequent aggregation of 
platelets. Fluid shear stress can also directly activate 
platelets. Activated platelets undergo the release re- 
action (Figure ID), secreting preformed substances 
(eg, adenosine diphosphate [ADP]) from their intra- 
cellular storage granules. Platelet activation also in- 
duces phospholipase A2 (PLA2) -mediated hydrolysis 
of free arachidoruc acid (AA) from membrane phos- 
pholipid pools (Figure 2). Free AA is then rapidly 
metabolized by cyclooxygenase (COX) to the labile 
prostaglandin endoperoxides, PGG2 and PGH2, and 
then by thromboxane synthase (TxS) to thrombox- 
ane A2 (TXA2). Released ADP and PGH2/TXA2 bind 
to their respective platelet receptors to further am- 
plify the platelet activation process. Platelet activa- 
tion (and vasoconstriction) by TXA2 is antagonized 
in the presence of intact endothelium by platelet in- 
hibitory and vasodilatory PGI2 , which is produced in 
endothelial cells through prostacychn synthase (PS) 
from either endothelium-derived or platelet-derived 
endoperoxides. 

Finally, activated and degranulated platelets at- 
tach to each other in the process of aggregation to 
form an occlusive thrombus at the site of vascular 
damage (Figure IE). The ligand for platelet aggre- 
gation is fibrinogen (or vWf in higher shear stress 
regions of the circulation). The platelet receptor for 




Figure 2. Platelet {PLT)^ndothelial cell (EC) interactions mediated 
by arachidonic acid {AA) metabolites. Activators of each cell type 
induce the phospholipase A2 (PLAzHnediated hydrolys/s of free AA 
from membrane phospholipid (PL) pools. Arachidonic acid is con- 
verted in each cell type by cyclooxygenase (COX) to prostaglandin 
endoperoxides, PGG? and PGHp. Endoperoxides are metabolized to 
.thromboxane A2 {TXAzI by thromboxane synthase (TxS) in platelets 
and to PGI2 by prostacyclin synthase (PS) in endothelial cells. TXA2 
binds to platelet receptors to stimulate platelet activation; PGig 
binds to separate platelet receptors to inhibit platelet activation. 
(These eicosanoids likewise exert opposing actions on vascular 
tone, TXA2 causing vasoconstriction and PGI2 causing vasorelaxa- 
tion.) Endothelial cells can also utilize platelet-derived endoperox- 
ides as substrate for PS. Antiplatelet agents have targeted AA mo- 
bilization from membrane PL pools (I), AA oxygenation by COX (2), 
thromboxane synthase (3) or TXA2 receptors (4). 

these aggregating ligands is exposed only on the sur- 
faces of activated platelets by the complexing of 
GpIIb and GpIIIa to form the functional heterodi- 
meric Gpnb/ma complex. The binding of fibrinogen 
or vWf to their platelet GpIIb/IIIa receptors is me- 
diated by the tripeptide amino acid sequence, argi- 
nine-glycine-aspartic acid (abbreviated "RGD'*), a 
motif which is present on both of these adhesive 
molecules. 

Each of these steps of platelet activation has been 
tajTgeted in the development of antiplatelet agents 
(Figures). 

ANTIPLATELET AGENTS 
Stimuli of Platelet cAMP and cGMP 

Intravenous infusion of prostacyclin may have 
transient beneficial effects in coronary artery dis- 
ease/ peripheral arterial disorders,** and thrombotic 
thrombocytopenic purpura.** However, systemic use 
is limited by its potent vasoactive effects and ex- 
treme lability. Regional administration of prostacy- 
clin prevents extracorporeal platelet consumption 
and reduces the risk of platelet embolization and 
bleeding in cardiopulmonary bypass, charcoal hemo- 
perfusion, and hemodialysis.^^ Attempts have been 
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Figure 3. Steps of platelet activation targeted in the development of antiplatelet agents. 
PGs = prostaglandins; NO = nitric oxide; Gplb = glycoprotein lb; vWf = von Willebrand 
factor; NSAIDs = nonsteroidal antiinflanimatory drugs; TxS = thronnboxane synthase; 
Gplib/IIla = glycoprotein Ilb/llla; TXA2 = thromboxane A2. 



TABLE 

Clinical Efficacy of Aspirin. Ticlopidine and Dipyridamole 


Indication 


Aspirin 


Ticlopidine 


Dtpyndamole 


Coronary artery disease 








Primary prevention of Ml 


+/- 






Stable angina 


+ 






Unstable angina 


+ 


+ 




Secondary prevention of Ml 








Coronary artery bypass graft 


+ 


+ 




Acute occlusion after angioplasty 




+ 




Restenosis after angioplasty 








Other cardiac disease 








Mechanical or high risk tissue valves 






+W 


Atrial fibrillation (nonrheumatic) 


+ 






Cerebrovascular disease 








Primary prevention of stroke 








Stroke or recun'ent TIA after TIA or minor stroke 


+ 


+ 




Secondary prevention of stroke (after major stroke) 




+ 




Stroke or restenosis after endarterectomy 








Shunt thrombosis 








Peripheral vascular disease 


+ 


+ 


-l-A 


CHnical efficacy designations represent generalizations based on weight of evidence in the literature. 

Table does not indicate number or powers of studies or specific doses or regimens of antiplatelet agents. 

Further informatran can be found in more detailed reviews (3, 4, 26, 78. 105) and original publications. 

+ = effective; - = ineffective; +/- = equivocal; + A = effective when used with aspirin; +W = effective when used witti warfarin. 

Ml = myocardial infarction; TIA = transient ischemic attack. 



made to develop more stable synthetic analogues of 
prostanoids with less adverse hemodynamic ac- 
tions.'^ Iloprost, one such compound that can also 
be administered orally, exerts prolonged clinical 
benefit in patients with limb ischemia.*'^ However, 
paradoxical platelet hyperreactivity and hyperco- 
agulability have been noted during and after iloprost 
infusion.'* 



Dipyridamole*^ has been suggested to act as an 
antiplatelet dnig by several possible mechanisms. It 
directly stimulates prostacyclin synthesis, poten- 
tiates the platelet inhibitory action of prostacyclin, 
inhibits phosphodiesterase to raise platelet, cyclic 
AMP levels, and blocks the uptake of adenosine 
into vascular and blood cells, thereby causing accu- 
mulation of this platelet'inhibitory and vasodilatory 
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compound in the thrombotic microenvironment^^*^" 
However, since these effects may not occur at ther- 
^eutically achievable concentrations of the drug, 
the mechanism of action of dipyridamole remains 
unclear. At therapeutic doses, dipyridamole does 
not prolong tlie bleeding time-' or inhibit ex vivo 
platelet aggregation.'^'^ Clinical trials (Table) have 
failed to demonstrate antithrombotic efficacy of di- 
pyridamole used alone in any clinical setting. Fur- 
thermore, dipyridamole does not add to the benefi- 
cial effects of aspirin in the secondary prevention of 
myocardial infarc^tion,^^ the prevention of stroke in 
patients with prior transient ischemic attacks (TIA) 
or stroke, ^'"■^'^'^ or maintenance of coronary artery 
bypass graft patency."^ Dipyridamole may add to the 
beneficial effect of aspirin in preventing the progres- 
sion of peripheral occlusive arterial disease.^ It n\ay 
also enhance the efficacy of warfarin in preventing 
systemic embolism from mechanical heart valve 
prostheses,'**-^ although direct benefit and risk com- 
parisons bet;ween aspirin and dipyridamole as addi- 
tions to warfarin have not been established,^* Dipyr- 
idamole does not increase bleeding risk, even when 
combined with anticoagulants,^- but its side effects 
include dose-related gastrointestinal symptoms, 
headache, and, rarely with oral dosing, a coronary 
"steal" phenomenon. FitzGerald*^ concluded that, 
particularly in view of its variable absorption kinet- 
ics, cost and side effects, the emerging consensus 
does not support the use of dipyridamole as an anti- 
platelet agent. 

Organic nitrates and other NO donors have plate- 
let inhibitory and vasodilatory properties,^-^ How- 
ever, preliminaiy results of human trials have not 
demonstrated increased efficacy of linsidomine 
(SIN-1), a NO donor, compared with isosorbide ni- 
trate and diltiazem hydrochloride in unstable angina 
and coronary angioplasty.^ 

Inhibitors of Platelet Adhesion 

Agents that block the interaction of vWf with its 
platelet membrane Gplb receptor should inhibit ad- 
hesion as well as the subsequent downstream cas- 
cade of platelet activation events, including the se- 
cretion of platelet mitogens into the vessel wall and 
aggregation. Tliis therapeutic approach could in- 
volve anti-vWf or anti-GpIb monoclonal antibodies, 
recombinant vWf fragments that bind to Gplb and 
thus block its interaction with intac^t vWf, and aurin 
tricarboxylic acid (ATA), which binds to vWf and 
prevents its interaction with platelet Gplb.^**^'^^ There 
is presently no experience with the use of these 
agents in humans. However, the promise of this anti- 
platelet strategy is illustrated by experimented ex- 
perience with an inbred strain of bleeder pigs with 
severe vWf deficiency, comparable to humans with 



homozygous von Willebrand disease (vWd), Severe 
vWd pigs have markt^dly reduced spontaneous and 
diet-induced atherosclerosis, and are protected from 
coronary thrombosis following vascular in.jury;'^''^ 
Administration of and-vWf monoclonal antibodies to 
normal pigs likewise prevents experimented coro- 
nary thrombosis."*"'^ ^ Enthusiasm for this attractive 
target for potent antiplatelet agents is tempered by 
concerns that platelet adhesion inhibitors would also 
significantly interfere wi(b normal hemost^isis, as il- 
lustrated by the spontaneous bleeding diathesis of 
vWd and platelet Gplb deficiency (Bernard-Soulier 
syndrome). 

Inhibitors of Platelet /^onist-Receptor 
Interactions 

A tiieoretical limitation of inhibitors of individual 
platelet agonist-receptor interactions is their ability 
to block the initiation of only one of several path- 
ways of platelet activation. Perhaps surprisingly, 
therefore, some of tiiese agents have proven to be 
experimentally and clinically effective as antiplatelet 
therapy. 

The most potent platelet stimulus is thrombin. Di- 
rect antithrombins (eg, hirudin) or inhibitors of 
thrombin generation should therefore not only pre- 
vent fibrin formation but also inhibit thrombin-in- 
duced platelet activation'*-'*^; the latter could be di- 
rectly inhibited by thrombin receptor antagonist 
peptides. The important role of antithrombins as 
antiplatelet agents has been established in some ex- 
perimental models of thrombosis."*^ However, it is 
imknown -whether these findings can be extended to 
the treatment of human arterial thrombosis and, if 
so, whether the optimal antiplatelet regimen will also 
be the optimal anticoagulant regimen of thrombin 
inhibitors."*^ 

Of the platelet-derived agonists, thromboxane A2 
receptor antagonists (discussed below) and ADP re- 
ceptor blockers have received the most attention. Ti- 
clopidine^^ and its analog, clopidogrel, are tlueno- 
pyridine derivatives that exert their antiplatelet 
action by inhibiting the binding of ADP to its platelet 
receptors*^ and thereby inhibiting ADP-induced 
platelet aggregatioa These drugs may also blunt 
platelet aggregation in response to other stimuli, the 
actions of which are mediated by ADP released from 
endogenous platelet granule pools/^'^** Earlier obser- 
vations that ticlopidine inhibits fibrinogen binding to 
its platelet Gp Ilb/UIa receptors^ probably reflect a 
downstream platelet activation event following ADP 
receptor blockade. Notably, unlike aspirin, ticlopi- 
dine also inhibits platelet aggregation in response to 
shear stress."' 

Maximal antiaggregatory action is noted only after 
oral administration of ticlopidine and cannot be re- 
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produced in vitro with pharmacologic concentra- 
tions of the drug. There is a 3- to 5-day delay in 
achieving full antiplatelet activity following the 
drug's administration; the bleeding time does not be- 
come maximally prolonged until 5 to 6 days after 
starting it^^ Therefore, the antiplatelet activity of ti- 
clopidine is probably mediated by an in vivo metab- 
olite,^^ Action persists for 4 to 8 days after drug dis- 
continuation, consistent vnth the lifetime of platelets 
in the circulation, indicating an irreversible anti- 
platelet effect. 

The clinical efficacy of ticlopidine is summarized 
in the Table. It may be the most effective antiplatelet 
agent currently available for stroke prevention/ The 
Ticlopidine versus Aspirin Stroke Study (TASS) 
showed that ticlopidine (500 mg daily) was superior 
to aspirin (1,300 mg daily) for prevention of stroke 
in patients with a history of TIA or minor stroke.^ 
At the 3-year study endpoint, the ticlopidine group 
had a 21% reduction in stroke or stroke death com- 
pared with the aspirin group. The efficacy advantage 
of ticlopidine was even greater during the first year 
of treatment, the period of highest risk for stroke 
recurrence. Subgroup analysis at 5 years of follow- 
up also demonstrated the superiority of ticlopidine 
for prevention of recurrent TIAs.^ Nevertheless, 
since many patients in the TASS study were "as- 
pirin failures" at the time of their qualifying events, 
some uncertainty remains regarding the relative 
efficacy of ticlopidine versus aspirin for preventing 
stroke or TIA in patients not previously treated 
with aspirin.^^ The Canadian-American Ticlopidine 
study found ticlopidine superior to placebo in the 
secondary prevention of stroke/^^ but ticlopidine 
and aspirin have not yet been directly compared 
for this indication. 

Clinical trials have also demonstrated the efficacy 
of ticlopidine in preventing death or myocardial in- 
farction in patients with unstable angina, prevent- 
ing coronary artery bypass graft occlusion,^ and 
treating intermittent claudication'^ and diabetic ret- 
inopathy.^ However, direct comparisons of ticlopi- 
dine with aspirin for these indications have yet to be 
reported. 

Despite the convincing data from TASS showing 
somewhat greater efficacy of ticlopidine, aspirin con- 
tinues to be tlie treatment of choice for stroke preven- 
tion because of ticlopidine's adverse effects, particu- 
lariy severe neutropenia in about 1% of patients. 
Neutropenia tends to occur early and is usually, but 
not always,**' reversible after cessation of therapy. 
More common side effects include rash and diarrhea 
Therefore, ticlopidine (at a recommended dose of 250 
mg twice daily) is now generally reserved for patients 
with TIA or stroke who have aspirin intolerance or fail 
aspirin therapy. The cost-effectiveness of ticlopidine, 



which was recently analyzed, ^ depends on the country 
in which it is used. 

Inhibitors of Arachidonic Acid Metabolism and 
Thromboxane A2 

Several antiplatelet strategies have been based on 
interruption of platelet TXA2 synthesis and/ or ac- 
tion. Drugs can block platelet arachidonic acid ( AA) 
mobilization, AA oxygenation by COX, thromboxane 
synthase, and TXA2 receptors (see Figure 2). 

The reduced incidence of atherosclerotic cardio- 
vascular disease in Greenland Eskimos has been at- 
tributed to their marine lipid-rich diets.®^ Cod liver 
oil supplementation of the atherogenic diets of hy- 
perlipidemic swine, ^""^ as well as dietary fish supple- 
mentation of human populations,^-^ has a pro- 
tective effect on the development of coronary ath- 
erosclerosis. The predominant polyunsaturated 
fatty acids in the Eskimo diet are the omega-3 fatty 
acids, so designated because the first double bond 
is located on the third carbon atom from the methyl 
(omega) terminus. A major omega-3 fatty acid in 
fish oils is eicosapentaenoic acid (EPA). The an- 
tithrombotic alterations in platelet-vascular inter- 
actions attributed to fish oils are due to incorpora- 
tion of EPA into cell membrane phospholipids, 
leading to competition between EPA and AA as sub- 
strates for COX, The COX metabolism of AA in 
platelets produces the platelet-activating and vaso- 
constrictor TXA2, whereas the product of EPA me- 
tabohsm is TXA3, which is biologically inert. In vas- 
cular cells, however, both PGI2 and PGI3, COX 
products of AA and EPA metabolism, respectively, 
possess comparable platelet inhibitory and vasodi- 
latory properties, Omega-3 fatty acids thus produce 
a favorable shift in the balance of these eicosanoids 
toward an antithrombotic effect. Large and poten- 
tially unpalatable doses (>10 g EPA daily) of me- 
dicinal fish oils are required to alter cell membrane 
fatty acid contents that simulate those attained with 
Eskimo diets.^*^ 

Individuals consuming "Eskimo diets" have a mild 
bleeding tendency, prolonged bleeding times, mild 
thrombocytopenia, and abnormalities in ex vivo 
platelet aggregability. In addition to their antiplatelet 
effects, fish oils may have other protective actions 
on atherosclerotic cardiovascular disease,^ includ- 
ing hypolipidemic, antiinflammatory, and rheologic 
effects. The most extensive use of omega-3 fatty ac- 
ids as antiplatelet thers^y has been in preventing re- 
stenosis following coronary angioplasty. Meta-anal- 
yses of earlier trials demonstrated a small to 
moderate beneficial effect, but a recent random- 
ized trial of 8 g per day of omega-3 fatty acids for 6 
months after angioplasty failed to prevent resteno- 
sis.^^ 
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Aspirin (acetylsalicylic acid) irreversibly inacti- 
vates COX by acetylating serine residues at position 
529, leading to inhibition of platelet TXAi, synthesis. 
Aspirin likewise blocks the production of prostacy- 
chn, the nicyor COX met^boUte of AA in vascular en- 
dothelial cells, creating an "aspirin dilemma" and 
incomp)letely successful attempts to devise a "plate- 
let-specific" aspirin regimen. Aspirin has a half-life 
of only 20 minutes in the systemic circulation. Hov^- 
ever, since acetylation irreversibly inhibits COX ac- 
ti\aty and platelets have only a rudimentary capacity 
to synthesize new, unacetylated protein, exposure of 
platelets to a single dose of aspirin impairs their 
function for their remaining lifetunes (7 to 10 days) 
in the circulation. 

Inhibition of TXAs formation does not affect the 
initial process of platelet adhesion, but does block 
TXAa-mediated release and hence partially inhibits 
the final step of aggregation. Platelet aggregation in 
response to stimuli that induce release independent 
of TXA2 (eg, thrombin, shear stress) is not signifi- 
cantly UTipaired by aspirin. In contrast to ticlopidine, 
the inhibitory actions of aspirin on platelet TXAo pro- 
duction are rapid, with maximal effects attained 
within 15 to 30 minutes of ingesting a dose as low as 
81 mg.*^ Reduced ex vivo platelet aggregability per- 
sists for about 4 to 7 days after a single dose of as- 
pirin, ^* although the prolonged bleeding time returns 
to nonmal within 24 to 48 hours. Tliis discrepancy 
may be due to the emergence from the marrow into 
the circulation of a sufficient cohort of uninhibited 
platelets to restore normal in vivo hemostasis (mea- 
sured by the bleeding time) even before ex vivo 
platelet function is completely normalized. 

Roth and Calverley^^ and Patrono'® have recently 
reviewed the mechanism of action, pharmacology, 
clinical efficacy, and safety of aspirin. The recently 
published report of the Antiplatelet Trialists ' Collab- 
oration^ provided meta-analyses combirung patient 
data across all methodologically sound trials of pro- 
phylactic antiplatelet therapy available for review 
before March 1990. The most widely tested antiplate- 
let regimen was aspirin, 75 to 325 mg daily. It was 
concluded that antiplatelet agents given to patients 
at increased risk for occlusive vascular disease re- 
duced all-cause mortality, vascular mortality, vas- 
cular events, and nonfatal myocardial infarction. As 
indicated in the Table, aspirin is probably effective 
for primary and secondary prevention of myocardial 
infarction, stable and unstable angina^ coronary ar- 
teiy bypass graft patency, mechanical or high-risk 
tissue valves (when added to warfarin), noru-heu- 
matic atrial fibrillation (although warfarin is supe- 
rior), and prevention of stroke or recurrent TIA in 
patients with TIA. Aspirin is also possibly effective 
in peripheral vascular disease and to prevent shunt 



thrombosis, spontaneous abortion in patients with 
lupus anticoagulant, and complications of preg- 
nancy-induced hypertension,^^ aJthough a large, re- 
cently completed randomized trial challenged its ef- 
ficacy for the latter indication.™ 

Aspirin does have important theoretical limita- 
tions. Experimental models have shown that cate- 
cholamines, which are important endogenous mod- 
ulators of platelet reactivity,*^ can overcome the 
inhibitory effects of aspirin on coronary thrombo- 
sis.^^ Furthermore, aspirin does not inhibit platelet 
responses to some potent platelet stimuli, such as 
shear stress levels attained in stenosed arteries.^^ It 
is somewhat surprising, in fact, that aspirin pro- 
vides as much protection against arterial thrombo- 
sis as numerous cUrucal trials have demonstrated, 
raising the possibihty that aspirin's therapeutic ben- 
efit is mediated by mechanisms in addition to COX 
inhibition.^^ 

Nonaspirin nonsteroidal antiiivflammatory drugs 
(NSAIDs) inhibit platelet function by reversible in- 
hibition of COX. Therefore, in contrast to aspirin, 
their antiplatelet actions are short-lived, generally no 
longer than 6 hours, depending on the half-life of the 
drug in the circulation.^ Nonaspirin NSAIDs cause 
transient, dose-dependent, and only modest prolon- 
gations of the bleeding time, which usually do not 
even exceed the upper Umit of normal. The effects 
of these drugs on clinical bleeding complications are 
less clear than those of aspirin. As recently re- 
viewed,^ conflicting results have been reported re- 
garding effects of nonaspirin NSAIDs on periopera- 
tive blood loss. 

A randomized, double-blind study found that indo- 
bufen, a reversible COX inhibitor, reduced the inci- 
dence of ischemic events in patients at risk for 
cardiogenic embohsm.^ Indobufen also has been 
demonstrated to be as effective as aspirin plus dipyr- 
idamole in preventing saphenous vein coronary artery 
bypass graft occlusion, with possibly fewer adverse 
events.**® 

Thromboxane Synthase Inhibitors and 
Thromboxane Receptor Antagonists 

The lack of platelet specificity of COX inhibitors 
led to the development of thromboxane synthase 
(TxS) inhibitors. In addition to blocking TXA2 syn- 
thesis, these drugs should have tlie advantage of di- 
verting platelet-derived endoperoxides to endothe- 
lial cells to promote prostacyclin production (Figure 
2). However, clinical experience with TxS inhibitors 
has been disappointing. Reversible TxS inhibitors 
have short plasma half-lives and suppress TXA2 pro- 
duction incompletely.®^ Dazoxiben and other imid- 
azole analogs have produced little or no clinical 
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benefit in Raynaud's phenomenon,^ hepatorenal 
syndrome,^ or cororiaiy arteiy disease.^ 

Thromboxane synthase inhibitors may be rela- 
tively ineffective because endoperoxides, which ac- 
cumulate with TxS inhibition, themselves exert 
platelet agonist actions by occupying and activating 
the same platelet TXA2 receptors. Therefore, TXA2/ 
endoperoxide receptor antagonists represent a po- 
tentially more attractive antiplatelet approach.^* Fur- 
thermore, dual TxS inhibitors and TXAa/endo- 
peroxide receptor antagonists should be able to si- 
multaneously block TXA2/endoperoxide action and 
augment platelet endoperoxide-derived prostacyclin 
synthesis. One such agent, ridogrel, has been found 
to have more potent antiplatelet effects than aspi- 
rin,^ but was not superior to aspirin as an ac^unct 
to thrombolytic therapy for myocardial infarction.^ 

Inhibitors of Platelet Aggregation: Platelet . 
Membrane Gpllb/lila Antagonists 

The actions of many of the antiplatelet agents re- 
viewed above are restricted to single, specific plate- 
let receptors or metabolic pathways. Global inter- 
ruption of platelet function, which should improve 
clirucal efficacy, may be achieved by blocking either 
the initial (adhesion) or final (aggregation) steps in 
the sequence of platelet activation. 

Platelet aggregation induced by any stimulus is abol- 
ished if binding of fibrinogen (or vWf) to its GpUb/nia 
receptors in inhibited. Two general strategies have 
been used to target this interactioru monoclor^al anti- 
bodies to GpIIb/nia, and ROD analogs that compete 
with ligand binding to GpIIb/'IIIa®^^ All of these agents 
are potent inhibitors of platelet aggregation and cause 
prolongation of the bleeding time. 

The monoclonal antibody 7E3, developed by 
Coller,^ has been extensively tested in animal and 
human antithrombotic trials. The immunogenicity of 
7E3 can be circumvented by using "humanized" chi- 
meric antibodies containing the variable regions of 
the mouse antibody joined to the constant regions 
of human antibody (c7E3, AbciximabJ . Monoclonal 
antibodies bind to and Inhibit platelets irreversibly. 

Peptides containing EGD ("tiisintegrins") have 
been isolated from snake venoms and leeches.'^ To 
reduce their antigenicity and improve metabolic sta- 
bility and activity, a number of cyclic RGD peptides, 
peptidomimetic, and nonpeptide RGD mimetics have 
been synthesized.**^-^"'^ Integrelin, based on a Lys-Gly- 
Asp sequence rather than RGD sequence, which may 
have improved specificity for GplIb/IIla receptors, 
has already undergone extensive clinical evaluation. 
Other RGD analogs, including more recently devel- 
oped orally active agents, are in various phases of 
clinical testing. 



The EPIC trial of c7E3, administered as a bolus 
and 12-hour infusion to more than 2,000 patients un- 
dergoing coronary angioplasty or atherectomy, 
found a 35% reduction in the composite-event rate, 
primarily in the rate of myocardial infarction and 
need for emergency revascularization.^^ Remarka- 
bly, this acute treatment also reduced the rate of 
clinically significant restenosis by 26% at 6 months 
of foUow-up.^ These results suggest that brief ex- 
posure to c7E3 at the time of initial revascularization 
converts a platelet-reactive vessel surface to a plate- 
let-noiureactive one, a phenomenon referred to as 
blood-vessel passivation.^^ The optimal, duration of 
GpIIb/nia blockade to achieve passivation has yet 
to be determined, and long-term therapy with orally 
active GpHb/nia inhibitors may produce superior re- 
sults. Initial experience with Integrelin in 150 pa- 
tients undergoing coronary intervention demon- 
strated a trend toward reduction in acute ischerruc 
end-point events at 30 days of follow-up. 

In unstable angina, lamifiban, a nonpeptide Gpllb/ 
nia antagonist, reduced the incidence of myocardial 
infarction and death, confirming earlier pilot trials 
with Abcijdmab and h\tegreUn.^°^ The TAMI 8 pilot 
study reported improved coronary artery patency 
and a trend to fewer ischemic events with 7E3 
(added to aspirin and heparin) following thrombo- 
lytic therapy for myocardial infarctioa^**^ 

Increased bleeding complications, as noted in the 
EPIC study, ®^ pose the major problem with all GpUb/ 
lUa inhibitors, particularly when treatment is com- 
bined with invasive procedures; bleeding may be ex- 
acerbated by concomitant anticoagulation therapy. 
Future studies with these promising agents should 
determine the differences among the various GpIIb/ 
ma inhibitors with regard to optimal routes of ad- 
ministration, pharmacokinetics, duration of effect, 
mtegrin affinity and specificity (including cross-reac- 
tivity with endothelial vitronectin receptors), anti- 
genicity, and cost Orally active drugs may provide 
highly effective long-term preventive therapy. 

CONCLUSIONS 

Enormous progress has been made in recent years 
in the development of clinically effective antiplatelet 
agents. The "holy grair* of antithrombotic therapy is 
the discovery of drugs that can discriminate between 
undesirable thrombosis and physiok)gically protec- 
tive hemostasis, selectively inhibiting the former 
while preserving the latter to prevent bleeding com- 
plications. Since thrombosis has been viewed as he- 
mostasis in the wrong place, the promise of an en- 
tirely effective and safe antiplatelet agent rests on 
further elucidating the molecular mechanisms of 
platelet activation. 
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Summary 

The goal of the present study was to investigate the effect of 7 and 
14 days of daily oral administration of 75 mg clopidogrel on collagen- 
induced thrombogenesis in flowing non-anti coagulated human blood. 
Blood was drawn directly from an anlecubital vein over immobilised 
collagen type III fibrils positioned in a parallel -plate perfusion cham- 
ber. The wall shear rates at the collagen suTface were those characteristic 
for veins (100 s"'), and for medium si7^d (650 s'M and moderately 
stenosed {26(X) s"' ) arteries. 

Clopidogrel ingestion reduced the thrombus volume significantly 
(p <0.05) at 100 and 2600 r' (39 and 51% respectively). The p-throm- 
boglobulin plasma levels were reduced concomitantly. However, it was 
not possible to measure accurately the thrombus volume at 650 r\ due 
10 loose packing of (he platelet thrombi. Transmission electron micros- 
copy substantiated this observation and showed that clopidogrel 
profoundly reduced the platelet degranulation process (p < 0,005). The 
inhibitory effect of clopidogrel on platelet consumption by the growing 
thrombi resulted apparently in higher platelet concentration at the col- 
lagen surface, which enhanced the platelet-collagen adhesion at all 
three shear rates (p <0.05). Despite the low deposition of fibrin on col- 
lagen, clopidogrel reduced significantly the fibrinopeptide A plasma 
levels and the fibrin deposition at shear rates below 650 s~'. This was 
apparently a consequence of the reduced platelet recruitment and the 
lower activation of platelets, since activated platelets in thrombi pro- 
mote deposition of fibrin. 

Thus, it appears that clopidogrel inhibits thrombus formation in hu- 
man blood primarily by interfering with platelet-platelet binding and 
the inhibition is effective independently of the wall shear rate. 

Introduction 

Platelets are prominent building blocks of arterial thrombi. An oc- 
cluding platelet thrombus may prove fataK depending on the location of 
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the vessel involved. There exists a complex interplay between platelets, 
activated coagulation proteins, thrombus formation, and the develop- 
ment of ulhero.sclcrosis ( 1 }. Drugs which inhibit platelet function have 
proven valuable in diseases where platelets play a significant role in the 
pathophysiological processes. Numerous drugs interfering with various 
aspects of plaiclci functions have therefore been developed and tested 
in a variety of clinical trials. 

Today aspirin is the most commonly used antiplatelet-drug. Aspirin 
has been shown to protect against primary and secondary myocardial 
infarction (2, 3). and to have a beneficial effect in patients with unstable 
angina (4-7). These disorders are together among the major precursors 
of death in the Western world. 

Clopidogrel. a derivative of thieno-(2, 3-c]pyridine, is a new inhibi- 
tor of platelet aggregation and an antithrombotic agent. It is an ADP 
receptor blocker as suggested by various studies in man and animal 
(8-10). 

The goal of the present study was to quantitale the antithrombotic 
effect of 7 and 14 days of clopidogrel administration on blood-collagen 
interactions in non-anticoagulated blood of healthy human volunteers 
at blood flow conditions characteristic of veins, healthy and stenosed 
arteries (wall shear rates of 100, 650 and 2600 S"', respectively). The 
human ex vivo model of thrombogenesis (11), which was use^ for this 
purpose, was previously validated in dogs as a model of thrombosis. It 
was found that the ex vivo thrombotic response correlated well with ex- 
perimentally induced in vivo coronary thrombosis (12). Furthermore, 
data obtained with blood from patients suffering from various subtypes 
of von Willebrand disease and Haemophilia A correlates well with 
clinical findings in humans (13). Antiplatelet agents such as aspirin 
(14) and a thromboxane A> receptor antagonist (15) have also been 
evaluated with this technique, and of particular interest to the present 
study is that the antithrombotic effect of aspirin is limited to high wall- 
shear rates (14). This finding correlates well with the protective effect 
of aspirin on thrombotic events in patients with unstable angina (4-6). 

Methods 

Design of the Study 

Eighteen healthy male subjects aged 19 to 37 years compleied this open 
smdy. All volunteers were non-smokers and willing to abstain from alcoholic 
beverages during 24 h prior to the respective blood donauons. All individuals 
were fully informed about the study, and had given i)) wriling their free, 
informed conseni for participation. 
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Each volunteer was subjected to 14-day administration of clopidogrel 
(Sanofi Recherche, Toulouse, France). The dnig was taken orally as a single 
daily do.sc of 75 mg (3 X 25 mg Lib! els). Safety measurement.s within 7 days 
before and 14 days after the medication (day 28) were used as individual 
controls for mca.surcments after 7 and 14 successive days of active clopidogrcl 
medication. Platelet adherence and thrombus formation on collagen type III 
fibrils were measured on the same four occasions using the ex vivo perfusion 
method 06) iu\d the parallet-plate perfusion chambers developed by Saka- 
rias.senetaL(ll. 17). 

The protocol wa.s approved by the appropriate ethics committee, and the 
study conducted according to the principles of the declaration of Helsinki. 

Clinical and Laboratory Surveillance 

Genend physical exajnination and laboratory safety investigation were 
performed in collaboration with Rikshospitalet, Oslo, before medication was 
started, at the end and t4 days after the end of medication. The laboratory 
safety data recorded were hemoglobin, hematocrit, total and differential white 
blood cell count, platelet count, fiver function tests and urinalysis. 

Platelet Aj^gregation 

Eighteen ml of blood were drawn from an antecubital vein through a 
19 gauge needle into 2 ml of 1 10 niM tri-sodium citrate solution. Platelet-rich 
plasma fPRP) and platelet-poor plasma (PPP) were prepared by differemial 
centrifugation. Platelet concentration in PRP was adju.sted to 3 X 10"/1 by the 
addition of PPP. Platelet aggregation in PRP stirred at 1000 rpm at 37° C was 
induced by .^DP tSigma Chemical Co., St. Lx)uis. MoJ at 1 . 5 and 10 pM and by 
equine collagen (Collagen Reagent Horm, Munich, Germany) at 1 and 5 jig/ml, 
all final concentrations. The aggregation response was optically recorded for 
4 min in an aggrcgotneter device (Chrono-log model 440, Chrono-log Corp., 
Havertown. Pa). 



Preparation of Collagen Surjaces 

Type 111 collagen was purified to more than 95% homogeneity from a 
pepsin digest of human placenta by selective salt precipitation { 18). A .sample 
of the type 111 collagen was hydrolyzed in 6 M HCl in vacuum for 24 h. and the 
hydrolyzcd material was analysed by a Biotronik LC 5000 amino acid analyser 
{Biotn;nik, Munich, Germany). The collagen concentration was estimated from 
the amino acid composition. Collagen fibrils were made by dialysis at 4** C 
against 20 mM Na^HPOj. pH 7.5 i 19). 

Washed Thermanox'^ plastic cover slips (Miles Laboratories. Napen-'ille, 
II) were spray-coated with human placental type Ul fibrillar collagen using an 
air brush at a nitrogen operating pressure of I atm to a final density of about 
20 fig/cm-. The collagen coaled cover slips were left for 16-20 hours at 22'' C 
before they were ascd in the perfusion experiments (20). The librits do not 
trigger coagulation and the coating has been shown to give a maximal thrombo- 
genic stimulus at 10 (xg/crn- (fmal density on spray-coated cover slips). The 
Ihromhogcnicity of thesx- fibrils is much like that of intact artery subendo- 
thcliuni, although the latter surface induces much more fibrin depasilion 
(21). 



Ex Vivo Perfusions, Fixation and Embedding 

Ex vivo perfusions (16) were performed at 37° C with panillel-plate perfu- 
sion chambers in which a collagen -coated cover slip was positioned (II. 17). 
After puncturing an antecubital vein with a no. 19 Butterfly Infusion Set 
(Abbtiit Lab. North Chicago. 11), blood was drawn directly over the collagen 
surface at a consliint flow rale of 10 inl/min by an occlusive roller pump (LKB. 
2115 Multi|>crpex pump. Bromma, Sweden) placed dislally to the chamber. 
The cmss-seciioital dimension.s of the blotKl flow channel of the chamber, 
which determine the blood flow characteristics, were chosen to give wall shear 
rales chiracierislic of veins ( 100 s''}. healthy medium sized arteries (650 s"*) 
and mildly steno.sed arteries (2600 s"'). 
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The blood perfusions lasted for 5 min, and were immediately followed by a 
20 s perfusion at 1 0 ml/mi n with a buffer containing 1 30 mM NaCl. 2 mM KQ 
12 mM NaHCOv 2.5 mM CaCl. and 0.9 mM MgCI, (pH 7.4) and a 40 s 
perfusion ( 10 ml/min) with fixation solution, consisting of 2.59^ jjlularaldehyde 
in 0. 1 M cactxlylate buffer ( pH 7.4). Post-fixation was performed with freshly 
prepared fixation solution at 4° C for i h. The cover slips were finally em- 
bedded in Epon (20). 

Morphometry 

Platelet-collagen and fibrin-collagen interactions were light microscopical- 
ly quantified on semithin sections. The sections were cut perpendicular to the 
direcuon of the blo(xl flow I mm downsireujn from the upstream edge of the 
cover slip. The sections were stained with basic fuchsin and loluidine blue (22). 

Standard morphometr>^ was used to as.sess the percentage of the .surface 
covered by platelets (% platelet adhesion) and by fibrin {% tlbrin deposition) 
(22). and the percentage of the adhered platelets covered with fibrin ( 1 1). The 
evaluations were carried out at 1000 x magnification using a Labphot-2 light 
microscope (type 104, Nikon, Japan). 

Computer-iLssisted micro.scopic moqjhometry was used to quantify average 
thrombus area ( jJLm-7|xm sectional length). Thrombus volume tjuimV|j.m-) was 
derived from the .sectional thrombus area as previously de.scribed (23). A Kon- 
tron Vidas image analysing unit (Zeiss, Eching/Munich. (}ermany) was used 
for the evaluations. 

Transmission electron microscopy (Philips EM 301 Electron Microscope, 
Eindhoven, The Netherlands) was used to count the number of non-released 
secretory granule,s (a-granules and den.se granules). At least two random sec- 
tions were cut from the central part of the How slit at the same axial position. 
Electron micrographs were then made of all thrombi/platelet aggregates visual- 
ised. The area of the thrombi was measured with a planimeter, a Kontron Vidas 
image analv'sing unit, directly on the electron micrographs. A ratio between the 
number of identified non-released secretory granules and the sectional area of 
the thrombi (arbitrary units) was calculated. A high ratio indicated less release 
of secretory granules and less degree of platelet activation. The evaluations 
were carried out on micrographs at a magnification of 21300X. 

Fihrinopeptide A {FPA)and fi-Thromho^lobuim {^TG) 

FPA and p-TG levels in plasma were measured both proximal and disud to 
the perfu-sion chamber After puncturing a vein at the start of u perfusion experi- 
ment, the first 5 ml of blood were collected into EDTA for determination of 
platelet count and hematocrit. The next 1.8 ml wore collected into two Eppen- 
dorf lubes prefillcd each with 0.1 ml anticoagulant mi.uure. consisting of 
1000 U heparin + 1000 U aprotinin per ml of saline for FPA and by die method 
of Ludlam and Cash (24) for P-TG. The samples were kept on it^. 

At 4 min perfttsiiin time blood samples (2 x 0.9 ml) were collected imme- 
diaiely distal to the chamber. The tubing was punctured in a rubber-coated area 
positioned immediately distal to the chamber between the perfusion chamber 
and the roller pump. The rubber coating of the silicon tubing prevented leiikagc 
of blood following the puncture. The blood sampling was performed manually 
and without switching off the pump. The blood samples were collected succes- 
sively during 1 5 s, into I ml syringes prefillcd with 0. 1 ml of the FPA- or P-TG- 
anticoagulanl mixture, and immediately chilled to 0"^ C. Further processing of 
the blood samples for quantification of the plasma levels of FPA and p-TG was 
according to the manufacturers of the respective kits, IMCO (Stockliolm^ 
Sweden) for FPA and Amcrsharn (Amershanv UK) for P-TG. 

Stafiatical Analysis 

The changes from baseline (of natural logarithm transfonned) FPA and 
p-TG values post-pcrfusion lor each shear group and at each stage of the study 
were modelled by the one-way ANOVA: hypotheses of no change from base- 
line for each shear group were tested using the pooled error term. The signifi- 
cance of differences of gmup or paired data were calculated using Student's 
t-tests. P-vaiues<0.05 were considered .significant. 
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Results 

Ciiniail ami Laboratory Data 

Twenty-two volunteers were recruited for the study, and 18 com- 
pleted according to the protocol. There were no serious adverse 
events related to the medication, and the volunteers who did not 
complete were withdrawn ironi the study for events unrelated to the 
study drug. 

The clinical examination and laboratory safely data did not reveal 
significant clinical alterations in any parameter measured in the 
18 donors completing the study. One volunteer contracted a severe 
viral infection at around the third sampling time and his results, 
although completed, are discounted from the analysis because of the 
possible confounding effects of the infection on both coagulation and 
platelet function. 
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% i Effect of clopidogrel on platelet aggregation induced by ADP and 
^llagen in platelet-rich plasma (PRP). A. Collagen at final concentrations of 
1 and 5 |ig/ml. B/ADP ai final concentrations of L 5 and 10 |iM. Mean ± SEM 
= 18). *p<0.05 and **p <0.0l denote significant differences between plate- 
let aggregation before and after clopidogrel ingestion (Siudent's t-iest) 



Hematological Parameters 

Hematocrit, white cell and platelet counts were measured in EDTA- 
blood at screening and before every perfusion and platelet aggregation 
experiment {Cell-Dyn'^^'' 900 Hematology Analyzer, Sequora-Tumer 
Corp., MounUiin View. Ca). An average dmp in both hematocrit and 
platelet count of 4% was observed after 2 weeks of clopidogrel inges- 
tion. Both reductions were probably due to hemodilution caused by the 
blood donations, since each volunteer donated approximately 400 ml 
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Fig, 2 Effect of clopidogrel on platelet adhesion (percent of surface covered 
by platelets) after 5 rain perfusion at 10 ml/min in non-anticoagulated blood. 
Shear rales (A) 100 S'', (B) m s'' and (c) 2600 s"'. Mean ± SHM (n = 5-6). 
'*p <0.05 and **p <0.01 denote significant differences between plateiei adhe- 
sion before and after clopidogrel intake (Student's t-tcsi) 
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% 3 Effect of ciopidogrel on thrombus volume ( ^mV^m-) after 5 min per- 
ftision at K) ml/min flow rate in non-anticoagulatcd blood. Shear rates (A) 
100 S-' and (B) 2600 s"'. Mean SEM {n = 5-6k *p <0.05 denotes significant 
ditlcrences between thrombus voiunoe before and after ciopidogrel ingestion 
(Student's t-test) 



blood. All individual hematocriLs and pkiteiet counts were within the 
normal range. A small non-significant drop in mean white cell count 
was observed alter 2 weeks of ciopidogrel. 

Effect of Ciopidogrel on Platelet Aggregation in Citrated PRP 

Significant inhibition of ADP- and collagen-induced aggregation 
was observed both after one and two weeks of ciopidogrel ingestion 
(Fig. I ). The inhibitory effect on platelet aggrcgiilion seemed generally 
stable between day 7 and day 14 of ciopidogrel intake. Aggregation 
induced by 1 jxg/ml equine collagen was inhibited by 46% (p <0.0I) 
after one week and by 6 1 % ( p <().() I ) alter two weeks of ciopidogrel in- 
gestion. A concentration of 5 |dLg/inl collagen appeared to overcome the 
inhibition seen at the lower concentration, although a small inhibition 
remained statistically significant (9 and 14%; p <aOU- 

Aggregation induced by 1 .0 |xM ADP during the control periods was 
limited with large intersubject variability. This limited aggregation 
response was effectively abolished by ciopidogrel treatment. With 
5.0 and lO.O ^iM/1 ADP. strong aggregations were obtained in the 
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Fig, 4 Light micrographs of blood -collagen interactions after 5 min perfusion 
at shear rate 2600 s"' {A) before and (B) after 2 weeks of ciopidogrel ingestion. 
The collagen coat is nul visible, since the staining procedure does not contrast 
the fibrils. Magnification SOOx, bar represents 10 urn 



control periods, which were markedly (59-73%, p <0.0l) inhibited by 
ciopidogrel ingestion. 

There were no significant differences between the groups of volun- 
teers assigned to each perfusion group concerning baseline platelet 
aggregation or response to ciopidogrel. 

Effect of Ciopidogrel on Platelet-Collagen Adhesion 

Clopidogrel-ingestion significantly increased platelet-collagen 
adhesion at each wall shear rate both after one and two weeks of ciopid- 
ogrel administration (Fig. 2). 

The increase in platelet adhesion at the wall shear rate of 100 r' 
after one week of ciopidogrel ingestion was 35% (p <{).0i}, and after 
two weeLs 50% (p <0,05). At 650 s^' the corresponding increase was 
33% (p <0.0I) and 20% (non-significant). At 2600 s"' the increase in 
platelet-collagen adhesion after one week of ciopidogrel ingestion was 
27% (p <0.01 ), and by two weeks 19% (non-significant). The incre*ase 
in plaiclci-collagen adhesion at 2600 s"' persisted even at day 28 {33%; 
p<0.05). 

Effect of Clopichgrel on Thrombus Voltarie 

Significant reductions of thrombus volume after ciopidogrel inges- 
don were observed at both KM) s'' and at 2601) s ' (Fig. 3). The throm- 
bus volume at 1(X) s-' was decreased by 48% after one week of ciopid- 
ogrel ingestion, and by 39% {p <0.05) after two weeks. At 2600 s"', the 
corresponding decrease was 32% (non-significant) and 51% (p <^-^^^ 
(Fig. 3). Representative tight micrographs of thrombi formed at 
2600 S-* before and after two weeks of ciopidogrel ingestion are shown 
in Fig. 4. 

At a wall shear rate of 650 s"' we encountered a problem in die use 
of computer-assisted morphometry. While the platelet thrombi before 
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fig. 5 Transmission electron microscopy of thrombi forming on collagen 
after 5 min perfusion a! shear rate 650 S"' (A) before and (B) after 2 weeks of 
ctopidogrei ingestion. Note the dense appearance of the thrombus before clo- 
pidogrel ingestion, in contrast to the loosely packed thrombus with swollen 
non-degnmulaied platelets following clopidogrei intake. Magnification 5700 X 



and 14 days after ingestion of clopidogrei seemed dense and rather 
homogenous, the thrombi during clopidogre) ingestion appeared mor- 
phologically different, consisting of platelets very loosely attached to 
one another. The borders of the thrombi were impossible to assess prop- 
erly with computer-assisted morphometry. Electron microscopy was 
therefore performed. Sections from before drug intake were compared 
to thofve after 14 days of clopidogrei intake at the wall shear rate of 
650 s"'. In all volunteers the ratio of non-released secretory granules to 
sectional thrombus area was significantly increased, indicating that 
clopidogrei decreased the platelet release reaction/activation. The ratio 
(arbitniry unhs) increased from 4.7 ± 6.3 to 44.8 ± 14.8 (mean ± SD, 
P<0.005), Representative electron micrographs show a loosely packed 
platelet thrombu.s with swollen non-degranuialed platelets following 
clopidogrei ingestion, in contrast to densely packed and partly fused 
platelets before clopidogrei intake (Fig. 5). 

Effect of Clopidogrei on Plaielet Activation 

Pre-perfusion p-TG plasma levels were relatively constant through 
^e study and between shear groups (pooled geometric mean 



31.7 ng/mi , range 13-400 ng/ml). Posl-chaml^r levels were on average 
4-10 times higher at the baseline measurement. Reductions of the 
post-chamher ^TG plasma concentrations were oh.sei-ved at all shear 
rates following clopidogrei ingestion (Fig. 6). At 100 and 650 .s"', p-TG 
conceniralioiis were changed by perfusion after one and two weeks of 
ircaimcni and the differences in postperfusion levels compared to base- 
line were sialistically significant (p <(l{)5). Ai 2600 s*', P-TG levels 
were increased by |>errusion. but although the level generated was less 
than at baseline the difference was not statistically significant. Two 
weeks after the end of clopidogrei treatment the postperfusion concen- 
trations of p-TG had relumed towaids baseline levels for all shear 
groups. 

Effect of Clopidogrei on Fibrin Deposition 

Fibrin deposition (percent of surface covered with fibrin) on 
collagen before clopidogrei ingestion was low. Clopidogrei- induced 
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Fig. 6 Effect of clopidogrei on post-chamber p-TG plasma levels at 4 min 
during a 5 min perfusion at 10 ml/min in non-an(icc>iigulaied blood. Shear rates 
(A) l(K) s-'. (B J 650 .S-' and (C) 26(X) s''. Geometric mean ± SEM (n = 5-6). 
*p <0.0.*i and **p< 0.01 denote significiuit differences between p-TG va!ue.s 
before ;md after clopidogrei ingestion (Student \s t-test). Note thai the area of 
the collagen surface exposed to blood at 2600 s-' i.s 62.5% of the area at lOOr' 
and 650 s-' 



659 



35- 
c 30- 

I 20- 



^ 10- 

(0 



5- 



100 s-1 




0 7 14 21 28 days 

Fig. 7 Effect of clopidogrel on fibrin deposition (percent of surface covered 
by fibrin) after 5 min perfusion at 10 ml/min in non-anticoagulatcd blood. Shear 
rate 100 s-'. Mean ± SEM (n = 6). *p <0,05 denotes significant differences 
between fibrin deposition before and after clopidogrel ingestion (Student's 
t-test) 



reduciioQ of fibrin deposition was significant (p <0.05) at 100 s~' 
(Fig. 7). A parallel drop was ob$er\'ed in the percentage of the platelets 
covered with fibrin, from 3 1 .0 ± 6.47c before clopidogrel to 3.8 ±3.1% 
after 14 days of clopidogrel ingestion (mean ± SEM, p <0.005). At 
650 and 2600 s-' the surface coverage with fibrin was less than 2% 
both before and after clopidogrel ingestion, thus virtually absent. 

Effect of Clopidogrel on FPA Plasma Levels 

Pre-perfusion FPA plasma levels were rather constant through 
the study and between the shear groups (pooled geometric mean 
1.65 ng/mi, range 0.8-21.1 ng/ml). Post-chamber values were on aver- 
age 5 to 50 times higher at baseline. The small increase in post-perfu- 
sion FPA plasma levels at 2600 s-' was little affected by clopidogrel 
treatment (Fig. 8). However, the much larger increase at 100 and 
650 was reduced during clopidogrel treatment. The FPA generation 
was significantly lowered at 100 s*' (p <0.05), thus paralleling the drop 
in fibrin deposition on platelets and collagen (Fig. 7). 

Discussion 

Clopidogrel is a newly developed anti-platelet drug chemically a 
derivative of thienopyridine. The present .study wlls undertaken to 
quantify the effect of 7 and 14 days of clopidogrel administration on 
thrombus formation in flowing non-anticoagulated blixxl of healthy 
volunteers in a human ex vivo model of thrombogenesis (tl). The 
blood flow conditions were characterized by wall shear rates encoun- 
tered in veins (100 s"'), medium si/^d arteries (65()s-') and moderately 
stenoscd arteries (2600 s''). 

Clopidogrel reduced the thrombus volume significantly both at 
100 s ' and at 2600 s"'. Two weeks of daily oral administration of 
75 mg reduced the average thrombus volume by 51% at the highest 
arterial wall shear rate and by 39% at the venous shear rate. The post- 
chamber fi-TG pliisiiia levels and platelet aggregation in PRP induced 
by either ADP or collagen were concomitantly reduced. It appears that 
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Fi^, S Effect of clopidogrel on post-chamber FPA pkima levels at 4 min 
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clopidogrel is more effective than aspirin, since aspirin has no signifi- 
cant anti-throinbotic effect at low arterial wall shear rates in the same 
model (15), 

A consequence of the clopidogrel-induced reduction of thrombus 
volume at 100 and 2600 s*' was the concomitantly enhanced platelet 
adhesion. Lower consumption of platelets by smaller thrombi after 
ingestion of a platelet inhibitor increases the platelet concentration in 
the blood layers streaming adjacent to the collagen surface (21). Thus, 
more platelets are available to adhere to the collagen. Increased platelet 
adhesion was observed at all shear rates following one and two weeks 
of clopidogrel administration, which is in accordance with a reduced in- 
corporation of platelets into the thrombi. This enhancement also indi- 
cates that clopidogrel has no effect on the platelet-collagen adhesion- 
Thus, plulelei-collagen adhesion seems not to be affected by ADP» 
unlike collagen-induced platelet aggregation. 
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The effect of clopidogrel on thrombus formation at 650 s'^ was mor- 
phoiogicuily different Irom thai observed at iOO and 26(K) s"'. These 
thrombi appeared as loosely packed platelet masses with swollen and 
non-degranulated platelets. The morphological appearance of the 
predominantly non-degranulated plaiclcis coincided with the signifi- 
cant reduction of the post-chaiiil^er plasma levels of (J-TG and the 
enhanced platelet-collagen adhesion. Thus, these findings support an 
anli-ihrombolic effect of clopidogrel alsoal this shear condition, even 
though it was imp{)ssible to verify this by computer-assisted morphom- 
etry al the light microscopical level. 

The partial interruption of ihc ihromboiic response by clopidogrel 
has been ascribed to interference of the drug with the platelet ADP 
receptor mediating the inhibition of adenylate cycla.se (8-10). From this 
study it is apparent that clopidogrel interferes with the platelet-platelet 
binding and nol with the platelet-collagen adhesion. The kinetics of the 
apparent shear rale independent interruption of the platelet-platelet 
binding induced by clopidogrel was previously observed in Glanz- 
mann's thrombasthenia (25), a bleeding disorder cau.sed by deficiency 
of the platelet membrane glycoprotein Ilb-llla complex (26). However, 
the reduction in thombus formation induced by the dofie of clopidogrel 
used in this study was less than seen in blotxl from patients with 
Glanzmatm's thrombasthenia. 

Reduction of fibrin-collagen deposition, fibrin deposition on platelets 
and post-chamber FPA plasma levels following clopidogrel ingestion 
was apparently caused by the hampered platelet-platelet interaction. It 
has previously been demonstrated that activated clotting factors bind to 
the phisma membrane of platelets and leukocytes (11, 27-29). resulting 
in pronounced amplification of the clotting process (20, 31). Further- 
more, lime-course studies with the collagen surface used in this inves- 
tigation have shown dtat fibrin deposition only occurs subsequent to 
significant platelet-thrombus formation (27). Thus, the apparent anti- 
coagulant effect of clopidogrel seems rather to be a consequence of the 
altered platelet response at the thrombogenic surface. 

Founeen days after ending clopidogrel ingestion, the surface cover- 
age of platelets at 2600 s"' and the distal P-TG levels at 100 r' were 
still significantly different from the control values. However, neither 
platelet aggregation nor thrombus volume point to any persisting major 
activity of clopidogrel on thrombogenesis. 

Our data is consistent with the view that the shear rate independent 
anti-thrombotic effect of clopidogrel is due to interference with ihe 
platelet-platelet interaction. Tliis interference hampers the thrombotic 
response and indirectly the coagulant events at the reactive surface. It is 
also apparent that clopidogrel has a larger anti-thrombotic potential 
than aspirin., at least in the ex vivo thrombosis model. The collagen- 
induced dirombus formation is interrupted irrespective the laminar 
blood flow conditions. However, the collagen surface employed is non- 
procoagulant (11). while situations with atherosclerotic plaque rupture 
also may include exposure of tissue factor to blood (32, 33). The effect 
of clopidogrel on thrombus formation when a procoagulant surface is 
exposed to the blood stream at various wall shear rales remains to be 
established. 
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A subclass of tumor-inhibitory monoclonal antibodies to ErbB"2/HER2 
blocks crosstalk with growth factor receptors 

Leah N Klapper', Nora Vaisman', Esther HurwitzS Ronit Pinkas-Krajiiarski^, Yosef Yarden^ and 
Michael Sela* 

Departments of ' frmmnohgy arid ~MoIea/Iar Cell Biology, The Weizman?! fmtitute of Science, Rehovot 76100. Israel 



ErbB-l is an orphan receptor that belongs to a family of 
tyrosine kinase receptors for either epidermal growth 
factor (EGF) or Neu differentiation factor (NDF/ 
neure^ulin). Because uverexpression of the erbB-1 
proto-onco^ene h frequently associated with an aggres- 
sive clinical course of certain human adenocarcinomas, 
the encoded protein is an attractive target for 
immunotherapy. Indeed, certain monoclonal antibodies 
(mAbs) to ErbB-2 effectively inhibit tumor growth in 
animal models and in clinical trials, but the underlying 
mechanism is mcompletely nnderstood. To study this 
question, we generated a large battery of mAbs to 
ErbB-2, that were dassilied epitopically. Whereas most 
antibodies stimulated tyrosine phosphorylation of 
liirbB-l, their anti-tumor effect correlated with its 
accelerated endocytic degradation. One group of 
tumnr-inhibitory mAbs (Class n mAbs) was elicited by 
the most antigenic site of ErbB-2, and inhibited in trans 
binding of NDF and EGF to their direct receptors. The 
inhibitory effect was due to acceleration of ligand 
dissociation, and it resulted in the reduction of die 
ability of ErbB-2 to transactivate the mitogcnic signals 
of NDF and EGF. These results identify two potential 
mechanisms of antibody-induced therapy: acceleration of 
Ej*bB-2 endocytosis by homodimerization and blocking of 
heterodimerization between ErbB-2 and grovrtfa factor 
receptors. 

Keywords: signal transduction; t3T0fiine kinase; onco- 
gene; Neu differentiation factor; epidermal growth 
factor; adenocarcinoma 



Introduction 

Tlie identification of tumor associated antigens (TAA) 
accessible on human cancer cells, hailed immunother- 
apeutic approaches relying on specific recognition of 
neoplasms (Hellstrom and Helistrom, 1989). Extensive 
efforts have indeed been invested in examining the 
plausibility of anti-TAA monoclonal antibodies 
(mAbs) in the treatment of human malignancies 
proving promising in laboratory and clinic (Gold- 
cnbcrg, 1993). Protooncogcnc-cncodcd growth factor 
receptors are putative targets for such recognition- 
dependent therapy, due to iheir suggested role in 
pathological proliferation of cells (Aaronson, 1991). 
ErbB-2, a receptor-like tyrosine kinase, has been 
repeatedly implicated in cell transformation (Hynes 
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and Stem, 1994; Stancovski e( aL, 1994), Amplification 
of the corresponding gene and overexpression of die 
protein itself were observed in 20% to 30% of 
adcnoceircinomas of the breast (King et al, 1985; 
Slamon ei ai, 1987, 1989), ovary (Slamon et aL, 1989), 
lung (Kern et ai, 1990) and stomach (Park et ai, 
1989). Causative relationships between the cellular 
ErbB-2 content and the tumor's proliferative capacity 
and aggressiveness have been supported by different 
lines of evidence. When overexpressed in mouse 
fibroblasts, the human gene conferred a transformed 
phenotype in vitro and tumongcncsis in vivo (Di Fiore 
et al, 1987; Hudziak et aL, 1987). Consislcnlly, 
receptor overexpression is considered a predictor of 
poor survival and short time to relapse (Slamon et aL, 
1987, 1989), Direct interference with the transforming 
potential of ErbB-2 has thus become a subject of great 
interest. Antibodies directed against the extracellular 
domain of either a mutated version of the rodent 
homolog of this receptor-like molecule, or against the 
human wild-type protein have been shown to confer 
inhibitory, as well as stimulatory, effects on tumor 
growth in vivo (Drebin et ai^ 19^56; Kendly et aL, 1990; 
Hudziak et aL, 1989; Stancovski et aL, 1991). More- 
over, a murine antibody capable of such growth 
inhibition has been recently humaniTcd and tested in 
a phase II clinical trial, resulting in anti-tumor activity 
in patients with ErbB-2-ovcrcxprcssing metastatic 
breast cancers (Basclga et aL, 1996). 

Although the potential therapeutic use of aiiti-ErbB-2 
mAbs is presently acknowledged and intensely exam- 
ined, the molecular mechanisms underlying these effects 
are not well understood. Accelerated down-regulation 
of the receptor has been suggested to mediate antibody 
inhibition of cell transfommation (Hudzdak et aL, 1989; 
van Leeuwen et al., 1990), However, the ability of 
mAbs to induce receptor internalization showed only 
partial correlation with anti-tumorigenic activity 
(Harwerth et aL, 1992; llurwitz et ai^ 1995). An 
obstacle in the understanding of mAb-mediated effects 
is the possibility that ErbR-2 has a direct ligand, that 
has not yet been completely chardclerized (Dougall et 
aL, 1994). Activation of receptor tyrosine kinases is 
dependent on receptor dimerization induced by the 
binding of specific ligands (Yarden and Schlessinger, 
1987), However, ErbB-2 may participate in signal 
transduction even in the absence of a direct ligand, 
because it forms hclcrodimeric complexes with its 
family members, namely ErbB-l (EGF receptor) and 
the two NDF/neureguUn receptors, ErbB-3 and ErbB-4 
(Goldman ei uL, 1990; Fiakas-Kramarski et ai, 1996; 
Riese et aL, 1995; Wada et aL, 1990). Hierarchical 
recognition of the dimerization partner offers ErbB-2 a 
key role in the determination and mediation of 
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signaling and resultant cellular fate (Tzahar et aJ.., 
1996). The importance of ErbB-2 as a transregulator 
expands in light of reported coexpression of ErbB 
family receptors in malignant cells (Gullick, 1990; 
Lcmoine ai, 1992), as well as by its ability to 
reconstitute the aberrant tyrosine kinase activity 
characteristic of ErbB-3 (Pinkas-Kramarslri et al., 
1996; Riese et aL 1995; Sliwkowski (?f ai., 1994). 
Heterodimer formation between tirbB-2 and KrbB-l is 
responsible for synergistic growth signals in cells that 
co-overexpress the two receptors (Kokai et ai, 1989). 
A similar synergy was observed upon co-overexpres- 
sion of iirbB-2 and ETbB-3 (Alimandi et a/., 1995; 
Waliasch et ai, 1995), probably due to the extremely 
high mitogenic potential of the corresponding receptor 
heterodimer (Pinkas-Kramarski et aL^ 1996). Selective 
suppression of ErbB-2 expression at the cell surface by 
means of retention in the endoplasmic reticulum (Beerii 
et al,, 1994), demonstrated that this molecule can act as 
a shared signaling subunit of both EGF- and NDF- 
receptors (Graus-Porta et al, 1995; Karunagaran ei aL, 
1996) that augments and prolong signaling by 
deceleration of the rate of ligand dissociation 
(Karunagaran et al, 1996). 

The ability of ErbB-2 to serve as a pan ErbB 
auxiliary receptor subunit implies a vcrsatihty of 
mechanisms by which the receptor is involved in 
transformation. Hence, attempts to inhibit mahgnaa- 
cies should consider the transacting potential of 
ErbB-2, in addition to its presumed ability to act 
through homodimer formation. Our study has 
addressed the possibility that mAbs directed against 
ErbB-2 might exert at least part of their tumor- 
inhibi tory effects via interference with receptor- 
receptor interactions. A battery of antibodies directed 
against the extracellular domain of ErhB-2 has been 
generated and classified into groups according to 
specific epitope recognition. Several clafuses of tumor- 
inhibitory mAbs that accelerate cellular degradation of 
ErbB-2 were identified. Interestingly, one class of 
tiunor-inhibitory antibodies partially reduced cellular 
binding of both NDF and EGF. Consistent with an 
ability to interfere with receptor crosstalk, tliese mAbs 
also reduced the trans-stimulatory effect of ErbB-2 on 
growth signals. Wc suggest that anti-ErbB-2 antibodies 
can inhibit cancer not only by impeding the 
homodiraer-dependent activity, but also by blocking 
heterodimer formation and receptor crosstalk. This 
implies wider than currently accounted-for mechan- 
isms that can be utilized for the designing of 
therapeutically efficient anti-ErbB-2 inhibitors. Tn 
addition, our results may be relevant to the 
mechanism by which BGF-like ligands recruit ErbB- 
2 into receptor heterodimers. 



for antibody binding to a cell surface-expressed ErbB- 
2. A dozen of new mAbs was generated, and analysed 
together with a panel of five mAbs that we previously 
described (Stancovski et aL^ 1991). The new rnAbs were 
assayed for their ability to affect the tumorigenic 
grovrth in nude mice of the N87 human gastric 
carcinoma cell line ovcTcxprussing the ErbB-2 protein. 
Nine different mAbs, or saline as control, were injected 
intmperitoneally mto groups of six mice, on days 3, 7 
and 10 after tumor inoculation. Figure 1 depicts tumor 
progression in the presence of four representative 
mAbs. The tumorigenic growtli of N87 cells was 
inhibited by 85%, 61% and 82%' in nude mice 
injected with mAbs L26, LI 40 and L431, respectively. 
These values correspond to mean of inhibition 
measured at five time points throughout a period of 
46 days post inoculation. Antibody L87 showed no 
etfect on the growth of tumors in vivo, presumably due 
to its relatively low affinity (data not shown). Because 
previous studies suggested that different regions on the 
extracellular domain of ErbB-2 mediate mAb-dcpcn- 
dent effects on tumor growth (Bacus et aLy 1992) we 
examined the dependency of tumor inhibition on 
spa;ific immunogenic determinants by performing a 
reciprocal binding assay (Figure 2). Several mAbs were 
radiolabeled and their binding to N87 cells was 
determined in the presence of all other antibodies to 
enable classification of the mAbs. Thus, antibody L431 
was efficiently displaced by the strong tumor-inhdbitory 
mAb N12 (Stancovski et aL, 1991), but not by any 
other antibody (Figure 2A). Therefore, these mAbs 
were classified into the same group, denoted Class I. In 
a similar manner we could categorize mAbs L26, L96, 
and L288 into a second group, denoted Class II 
(Figure 2B) and mAb LI 40 into Class IH, that 
comprises only a single antibody. Antibody L87 could 
be displaced by antibodies from several groups, 
although it could not fully displace its own binding 
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Results 

Classification of anti-ErbB'2 monoclonal antibodies 

To study the mechanistic basis of tumor inhibition by 
certain mAbs to ErbB-2, we extended our antibody 
repertoire by employing an exhaustive immunization 
protocol. Essentially, mice were immunized with a 
recombinant extracellular domain of the human 
protein and the resulting hybridomas were screened 



TIME (dayfi) 

figure 1 Inhibition uf (umor growl h by reprtsentiitive mAbs to 
firbB-2. Athymic mice received a subcutaneous injection of 
3 X 10** N87 human gastric cancer cells that overexpre&s ErbB-2. 
Three, 7 anU lU days laler monocJonal antibodies (a total dose of 
I mg per animal) were injected intrapcritoncally, and tumor 
volumes were measured at the end of the indicated time periods. 
Phosphate-buffered saline- (PBS-) injecled mice were used for 
control (closed circles). The following mAbs were used: L26 
(circles), L87 (rhombuses), LI 40 (triangles) and L431 (squares). 
Biirs represent stundard deviations for groups of five mice. Ttie 
experiment was repeated three times with each of the mAbs and 
yielded similar results 
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(Figure 2D). This characteristic of mAb L87 is in 
accordance with its weak precipitating ability of the 
native CrbB-2 protein and is reinforced by the ability 
of mAb L87 to recognize the denatured protein (data 
not shown). The low affinity of mAb L87 to 
conformationally-intact ErbB-2 could underlie the 
observed pattern of displacement by a wide variety of 
mAbs. Several additional mAbs (e.g., L151, L242, 
L219, N28 and N29) were found to react with distinct 
antigenic determinants of ErbB-2, indicating multi- 
plicity of antigenic sites, of which site II is apparently 
the most efiScient, Anti-ErbB-2 antibody classification 
is summarized in Table 1. 
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Tumor inhibition correlatf.x with mAh-induced receptor 
internalization but nor with kinase activation 

Upon binding of certain mAbs, ErbB-2 has been 
shown to undergo internalization (Drebin et al, 1985) 
in a pathway shared by other growth factor receptors, 
when induced by ligands and antibodies (Sorkin and 
Waters, 1993). Several lines of evidence indicate a 
correlation between tumor-inhibitory activity of mAbs 
and their ability to accelerate ErbB-2 uptake and 
down- regulation (Hurwitz ei al., 1995; Tagliabue et 
al, 1991). To test the applicability of such a 
correlation to Ihc new inhibitory mAbs, we studied 
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mAb CONCENTRATOR (jig/ml) 

fiEure 2 Analyses of competitive antibody binding to RrhB-2. The ability of unlabeled mAbs to displace a cell surtaoc-bound 
^-mAb was used as a measure for the degree of antigenic overlap. The following radiolabeled mAbs were used: L43] (A), L2&8 
(B), L140 (C) and L87 (D). The labeled mAbs were added lo ibe raediuni of N87 cells growing in 9fi-well culture dishes, in the 
presence of the same unUibeled antibody (closed circles). Alternatively, unlabeled mAbs representing the different classes were used: 
Class 1 (squares, N12 in A and C U3 1 in B and D). U (circles, L26), Ml (trian^cs. L140) and IV (rhombuses, U7 in Q. Following 
I h of incubation at 22"C, the monolayers of cells were washed tfiree times with PBS and solubilized in an alkaline solution. The 
results are presentfid as the meaji+s.d. of duplicates. The experiments were repeated thrice 
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*Avera^e tumor volunic inhibition of five time points^ as percentage of control. *Roccpior internalization was determined by cell surface protein 
labeling, as described iu text and Figure 3 and its strength is express*^ in correlation of Ihc appearance of early ( + ), intermediate ( f i ), and 
late (+ -i- +) degradation products. *^hxtcnt of induction of tyrosine phosphorylation of ErbB-2 protein in D2 cells was determined according to 
the assay in Rgure 4. 'inhibition of EGP and NDP binding to T47D cells was determined as described in Figure 5. *S(imiiiatory antibody 
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their cffecl on the internalization of membrane-bound 
ErbB-2. The internalization assay used has not been 
previously applied to ErbB-2, and it included 
biotinylalion of the surface-exposed protein, followed 
by exposure to the various mAbs. Molecules that 
underwent internalization escaped a subsequent 
digestion with pronase, that was applied extracellula- 
rily and were thus visualized by strcptavidin detection. 
A 20 min-long incubation in the presence of mAbs 
from Class ! (represented by L431) revealed a band of 
approximately 85 kDa, that represents a relatively late 
degradation product of ErbB-2 (Figure 3). A similar 
result was obtained upon incubation with the tumor- 
inhihitory mAb L242 (comprising a single-mAb 
group), whereas antibodies from Class 11 caused the 
appearance of the apparently early proteolytic product 
of 120 kDa, implying a slower degradation pathway. 
Internalization of ErbB-2 by mAb 1,140 (Qass III), a 
moderate inhibitory mAb, resulted in both proteolytic 
products and a residual intact receptor (185 kDa 
protein band). Antibody L87 (Class VI), a non- 
inhibitory antibody, induced no detectable internaliza- 
tion of ErbB-2, an effect that was shared with the 
control 1ID2 antibody against a-feloprolein. Because 
the size of the protein recovered by the internalization 
assay presumably reflects the rate of internalization, 
the results presented in Figure 3 suggest a dependency 
of tumor inhibition on the ability of the mAbs to 
internalize the receptor (Table 1). Of note, however, is 
the relatively slow endocytic processing that was 
induced by Class II niAbs (L26 and L288), implying 
that their strong anti-tumor effect depends on 
addidonal activities. 

It has been previously reported that tumor- 
inhibitory effects of anti-ErbB-2 mAbs only partially 
correlate with modulations of the phosphotyrosine 
content of the receptor (Kumar et al, 1991; Stancov- 
ski et ai, 1992). To examine the relationship between 
tumor inhibition and stimulation of ErbB'2 phosphor- 
ylation, we selected a model cellular system of 32D 
myeloid cells that cctopically express ErbB-2 in the 




Figure % Effect of mAbs on degradation of ErbB-2. Cell surface 
proteins of conflueni monolayers of NS7 cells (10 cm dishes) were 
♦labeled with bio tin as deRcrihtxl under Materials and methods. 
The cells were then exposed for 30 min at 4''C to the indicated 
mAbs (at 40 /ig/ml). The monolayiji^ wexe thereafter incubated 
lor 20 min at iTC in order to allow receptor internalization and 
degradation. At the end of this incubation, the monoUiyers were 
transferred back to A^C, treated for 30 mm with pronase to digest 
surfaccKxpoycd proteins and cell lysates were prepared. ErbB-2 
proteins that escaped hydrolysis by pronase were visualized by 
immunoprccipttalion with the NCT antibody, that was followed 
by gel electrophoresi?), transfer to nitrocellulose filter and 
detection with horseradish pcroxidasc-labeled streplavidin. Note 
that only internalized receptor in visualij^ed. For control we 
incubated the celly in ihe absence of mAb (lane labeled -) or in the 
pr«ence of an irrelevant mAb (antibody 11D2). The locations of 
marker proteins are indicated in kilodaltons (kDa). The 
experiment was repeated twice 



absence of other ErbB protein?;, thereby excluding 
transphosphorylation eifects that widely occur within 
the ErbB family (Pinkas-Kramarski ei al,, 1996). 
Lysates of antibody-treated cells, immunoblotted for 
the detection of proteins phosphorylated on tyrosine 
residues, demonstrated the dependency of ErbB-2 
phosphorylation on mAb bivalcncy (Figure 4, upper 
panel). Tumor-inhibitory niAbs from both Qass I and 
Class ir (T>1.31 and L26, respectively) caused a 
comparable extent of phosphoiylation, that was 
absent when the monovalent antibody fragments 
(Fab) were used. Antibody L140, a moderate cancer 
effector, exerted maximal elevation of receptor 
phosphorylation, that was higher than the effect of 
the tumor-stimulatory mAb, N28 (Stancovski et al.^ 
1991). This suggests that the ability of antibodies to 
affect tlie extent of ErbB-2 phosphorylation reflects 
only their capacity to form RrbB-2 homodimcrs and as 
implied by Table 1 it may be independent of the long- 
term biological activity hi vivo. Consistent with its low 
binding affinity, mAb L87 could not mediate a 
phosphorylation signal upon the receptor 

Class II mAbs inhibit ErbB-2 interactions with 
ErbB-fomdiy counterparts 

The engagement of ErbB-2 in hetero-complexes with 
other ErbB-family tyrosine kinases, has been shown to 
augment both binding and signaling of BGF and NDF 
when associated with their respective receptors (Graus- 
Porla ei al, 1995; Karunagaran et al., 1996; Kokai el 
ai, 1989; Sliwkowski et ai, 1994). To examine whether 
anti-ErbB-2 mAbs can interfere with helerodimer 
formation, we used ligand affinity as an indicator of 
ErbB-2 involvement in ligand binding complexes. This 
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Figure 4 Antibody-indiiccd stimulation of KrbB-2 phosphoryla- 
tion on tyrosine residues. KrbB-2-cxprcssing 32 D cells (denoted 
D2 cells) were incubated for 15 tnin at 37"C with the indJC£>tcd 
mAbs at 20 ^ig/ml, or with their respective monovalent fragments 
(Fab, 20 pg/ml). Whole cell lysates were then prepared and 
subjected to gel electrophoresis. The gel-rcsolvcd proteins were 
transferred to a nitrocellulose tiller lhal was blotted witli an 
antibody to phosphotyrosii^ and detected with a secondary 
aatibody. Incubation in the absence of antibody (lane labeled ) 
or "with an isotope matched control mAb (antibody 6BI t) were 
used for control. The location of a marker protein is indicated in 
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mAb CX^NCEtfTRATION ( (ig/ml) 

Figore 5 Kffect of mAhs to ETbB-2 and thdr Fab fragmenis on receptor binding of NDF and EOF. (A) Monolaytars uf T47n cells 
growing in 48-well dishes were incubated for 2 h at 4"C wiih eiLhcr '^''l-KGF or '^^I-NDF (each at in ng/ml) in the presence of 
increasing conuen Ira lions of the following mAbs thai represent four diiferent classes of mAbs; L431 (squares), L26 (circles), L140 
(irianBlcs), and L87 (rhombiises). Unbound radiolabeled ligand was then removed by washing and ccU-iissodiil^d rndioactiviiy 
determmcd. (B) Experiments were conducted as in (A) to compare ligimd binding in the presence of the Fab fragment of EnAb L26 
(dosed ciielcs) lo the binding in the presence of the whole niAb (open circles). Antibody N28 (open crosses) and its Fab Iragment 
(dosed crosses) and antibody L140 (open triangles) served as controls. Each data point represents the average and standard 
deviation (bars) of duplicate determinations alter subtraction of the non-spedfic ]ig*.ind binding. The experiment was performed 
thrice 



assay was performed on several cell lines, including 
N87 that expresses ErbB-1, ErbB-2 and ErbB-3 
receptors and the human T47D breast cancer cell line, 
that expresses all four ErbB proteins. Figure 5A depicts 
the results of binding analyses of radiolabeled NDF 
and EGF, in the presence of representative mAbs 
directed against different ErbB-2 epitopes. It is 
important to note that none of the antibodies cross- 
reacted with other ErbB family members. Antibody 
L26, as well as other Qass II mAbs, were able to 
displace up to 74% and 42% of cell-bound EGF and 
NDF, respectively. This phenomenon was not char- 
acteristic of mAbs capable of recognizing other 
receptor determinants (e.g., mAbs L431, L87 and 
L140, Figure 5A), suggesting that the epitope bound 
by mAbs from Class (i is involved in the formation of 
heterodimers. This hypothesis was further supported by 
the inhibition of EGF and NDF binding Lo T47D colls 
by monovalent fragments of antibody L26 (Figure 5B). 
Fab fragments of L26 could inhibit the binding of both 
ligands^ to an extent similar to that of the whole mAb, 
whereas the Fab of an antibody incapable of ligand 
binding inhibition (N2S) could not. It is worth noting 
that all our ligand binding analyses were performed at 
4*C, in order to exclude differences due to ErbB-2 



internalization. Similar results were obtained with the 
N87 cell line (data not shown). To directly test the 
prediction that Class II mAbs inhibit ligand binding by 
interfering with the formation of ErbB-2-containing 
heterodimers, we covalently labeled each receptor with 
a radiolabeled ligand, and analysed coprecipitation of 
tlie affinity labeled receptor with ErbB-2. The results of 
this experiment, that was performed with N87 cells, are 
shown in Figure 6. Evidently, both monomeric and 
dimeric receptor species were precipitated by anti- 
BrbB-2 antibodies. However, the presence of mAb L26 
during the aJBnity labeling reaction significantly 
reduced coprecipitation with ErbB-2. The effect was 
larger with EGF than witli NDF, consistent with the 
results of the ligand displacement assay (Figure 5A), 
and it was not induced by a control non-relevant 
antibody (6B1I). However, all mAbs to ErbB-2 slightly 
reduced the efficiency of affinity labeling, especially 
with EGF, probably due to aspecific masking of 
primary amino groups. 

To further study the mechanism underlying anti- 
body-induced inhibition of ligand binding wc measured 
the effect of mAb L26 on the affinity of EGF and NDF 
to their receptors (Figure 7A). Scatchard analyses 
revealed a minimal effect on the number of binding 
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Figure 6 The effect nf niAbs on affinity labeling and co- 
immunoprecipiiation of NDF- and EGF-rcccptors with ErbB-2, 
Monolayers of confluent N87 cells were incubated for 2,5 h with 
10 nejml of ^^I-labeled NDF-/? J, 77 246 or EGF, in the presence 
of mAb L26 (5 and 25 |fg/ml, left and right panels respectively), 
L151 (5 pg/ml), or L431 (25 /ig/nil), as indicated. A control mAb, 
6B11> was also iiddcd (5 and 25 /ig/ml, left and right panelR 
respectively). The ccH monolayers were washed with PBS and 
then subjected to affinity labeling for 25 rain with BS ' ( I raw), 
followed by cell lysis. After clearance of cell debris, the dctergent- 
solubilized lysates were subjected to separate imtnunoprccipitation 
reactions with NCT, a rabbit polyclonal antiserum directed to the 
C-teimiiius of the ErbB-2 protean. Immnnocomplcxcs were 
resolved by gel electrophoresis on a 6.5% acrylamide gel 
followed by autoradiography. Note that monomcric receptor is 
ooprccipi luted representing ligand bound receptor that is probably 
involved m hcterodimers 



sites, but a significant reduction in ligand affinities 
upon co-incubation with a Class II mAb: threefold for 
EGF and twofold for NDF. Because ErbB-2-contain- 
ing hcterodimers are characterized by a relatively slow 
rate of ligand association (Karunagaran ct ai, 1996), 
we tested the prediction that an acceleration ui ligand 
dissociation was responsible for the observed inhibitory 
effect of mAb Lit. The kinetics of EGF and NDF 
release were determined in the presence or absence of 
the L26 mAb. Evidently, the mAb significantly 
increased the rates of dissociation of both ligands 
from their ocDular binding sites (Figure 7B). Taken 
together^ the results of ligand binding analyses imply 
that mAbs belonging to Class II are capable of 
interfering with the stability of dimcrs formed between 
ErbB-2 and its family members, namely EGF- and 
NDF-receptors. 

Class 11 mAbs inhibit transactivation of growth- 
re^laiory aif^nub by ErbB-2 

Prolonged binding of NDF and EGF achieved by the 
presence of ErbB-2 is thought to augment growth- 
regulatory signals. Indeed, ErbB-2 has the abihty to 
potentiate the proliferative effect of EGF and to 
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Demonstration of riiAb-induccd changes in NDF and EGF binding. (A) Reduction of hgand affinity. Monolayers of 
Is were incubated for 2 h «l 4"C with incrtiasing concenlr«(iuns of '^''l-NDF or ^^^I-EGF in Ihe presence (open circles) or 



Figure 7 

T47D cells were mcutjaieo tor 1 n m 4 wan mcrt;asing concenlr«(iuns of "'I-NDF or "l-EGF in Ihe presence (open circles) or 
absence (closed circles^ of mAb L26 (50 iUg/ml). Unbound ligand removal was followed by cell lysis and radioactivity monitoring. 
Non-specific ligand binding was determined tn the presence of a 100-fold excess of the unlabeled ligand, and was subtracted from 
(he Lolitf cjrnouiit ofliganil Ihni. bound nt ench conceiUmtion. Tlie results are presenled iis Sattchiird plots untl as satunilion curves 
(insets). Each data point represents an average of a duplicate^ and the whole experiment was repeated thrice. (B) Acceleration of 
ligand dissociation. T47D cells were tirst incubated for 2 h at 4"C with radiolabeled EGF or NDF (each at 20 ng/ml) as indicated. 
'I hereafter, Ihe ligands were removed and the cells incubated with an unlabeled ligand (200 ng/ml) and in thepresenoc (open circles) 
or absence (closed circles) of mAb L26 (20 /^g/ml). Cell-bound as well as released radioactivity were then followed as a function of 
time of incubation at 4'^C. The rcsulu arc expressed as the ratio between the amount of ligand that was bound at time t (BJ and the 
iniliylly bound iig;iriri (Bq) and they repiesent the a verage and .lUfidard deviation of tlupliuiles. The eTcpcrimenls were repeated twice 



STOCKTON 

Oncogene is published by Stockton Press, u division of 
Macmillan l^ess Lid. 

Scope Oncogene is published weekly. The Editors will 
consider foi publication all papers and communications 
on all aspects of cellular growth control and the 
molecular mechanisms underlying malignant change. 

The contents page of this journal is now available on the 
Internet before publication at: httpr//www.stockton- 
pressxo.uk 

This journal is covered by Current Contents, Excerpta 
Medica and Index Veterinarius. 

Editorial Manuscripts and all editorial correspondence 
should be sent to; John Jenkins, Marie Curie Research 
Institute, The Chart, Oxted, Surrey RH8 OTL, UK. 
Tel: +44(0)1883 717 273 Fax: +44 (0)1883 717 448 or 
E Premkumar Reddy, The Fels Institute for Cancer 
Research & Molecular Biology, Medical Research 
Building, 3307 North Broad St., Philadelphia, PA 
19140, USA. 

Tel: (- 1 215 707 4307 Fax: I 1 215 707 1454. 



Advertisements Enquiries concerning advertisements 
shovild be addressed to: Alison Reeves, Advertisement 
Co-ordinator, Stockton Press, Houndmills, Basingstoke, 
Hampshire, RG21 6XS, UK, Tel: +44 (0) 1256 302622 
Fax: +44(0)1256 328339. 

Publisher All business correspondence, supplement 
enquiries and reprint requests should be addressed to 
Oncogene, Stockton Press, Hoimdmills, Basingstoke, 
Hampshire RG21 6XS, UK. Tel: +44 (0)1256 329242 
Fax: +44 (0)1256 810526, 
Publisher: Katharine Hinton 
I^oduction Controller: Debbie Cole 

Subscriptions - EU/Rest of World Subscription price 
per annum (two volumes, 50 issues); ED 1-1200; rest of 
the world £1210 (surface), £1452 (airmail) or equivalent 
in any other currency. Orders must be accompanied by 
remittance. Cheques should be made payable to 
MacmJUan Journals Subxcriptiom Ltd and sent to: The 
Subscription Department, Macmillan Press Ltd, 
Houndmills, Basingstoke, Hampshire RG21 6XS, UK. 
Where appropriate, subscribers may make payments 
into UK Post Office Giro Account No. 519 2455. Full 
details must accompany the payment. Subscribers from 
EU territories should add sales tax at the local rate. 



Subscriptions - USA USA subscribers call loll free 
1-800-747 3187. Please send check/money order/credit 
card details to: Marketing Dept., Stockton Press> 
Houndmills, Basingstoke, Hants RG21 6XS. UK. 
USA annual subscription rates: (institutional/ 
corporate), $1880 (surface) $2260 (airmail). Prices are 
set in UK Sterling. Dollar prices are converted to UK 
Sterling at the current exchange rate. Accordingly, your 
credit card charge may vary slightly from the dollar rate 
shown. To obtain the exact dollar rate shown above, 
please remit by check. All prices are subject to change 
without notice. 

Oncogene (ISSN 0950-9232) is published weekly by 
Macmillan Press Ltd, c/o Mercury Airfreight 
Internationa] Ltd, 2323 Randolph Avenue, Avcncl, NJ 
07001, USA. Subscription price for institutions is $1805 
per annum. Periodicals postage is paid at Rahway NJ. 
Postmaster: send address corrections to Macmillan 
Press Ltd, c/o Mercury Airfreight International Ltd, 
2323 Randolph Avenue, Avenel, NJ 07001. 

Reprints of any article in this jouma.! are available from 
Stockton Press, Houndmills, Basingstoke, Hampshire 
RG21 6XS, UK. Tel: f 44 (0)1256 329242, Fax: +44 
(0)1256 810526. 



Copyright © 1997 Stockton Press 
ISSN 0950-9232 

All rights of reproduction are reserved in respect of all 
papers, ai'ticles, illustrations, etc., published in this 
journal in all countries of the world. 

All material published in this journal is protected by 
copyright, which covers exclusive rights to reproduce 
and distribute the material. No material published in 
this journal may be reproduced or stored on microfikn 
or in electronic, optical or magnetic form without the 
written authorisation of the PubUshcr. 

Authorisation to photocopy items for internal or 
personal use of spediic clients, is granted by Stockton 
Press, for libraries and other users registered with the 
Copyright Clearance Centre (CCC) Transaction 
Reporting Service, provided that the base fee of $12.00 
per copy is paid directly to CCC, 21 Congress St., 
Salem, MA 01970, USA 0950-9232/97 $12.00 + $0,00 

Apart from any fair dealing for the purposes of research 
or private study^ or criticism or review, as permitted 
under the Copyright, Designs and Patent Act 1988, this 
publication may be reproduced, stored or transmitted, 
in any form or by any means, only with the prior 
pennission in writing of the publishers, or in the case of 
reprographic reproduction, in accordance with the terras 
of hcences issued by the Copyright Licensing Agency. 



Typeset by Elite Typesetting Txhniques, Eastlcigh, Hants and printed in Great Britain by The Friary Press, UoichesLer 
Printed on acid-frcc Daucr, cPTectivc with Volume 9. Issue t, 1994 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

Qfrn^ACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

I3^0L0R OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

\M^UmS OR MARKS ON ORIGINAL DOCUMENT 

□ rEFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QIJALITY 

□ OTHER: ' ' ' '•■ ' ' ' ■ ■ ' ' ' ' ■ 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



